Ishan Patro - Pankaj Seth
Nisha Patro - Prakash Narain Tandon Editors

The Biology of
Glial Cells: Recent
Advances

@ Springer



The Biology of Glial Cells: Recent Advances



Ishan Patro - Pankaj Seth « Nisha Patro -
Prakash Narain Tandon
Editors

The Biology of Glial Cells:
Recent Advances

@ Springer



Editors

Ishan Patro Pankaj Seth

School of Studies in Neuroscience Cellular and Molecular Neurosciences
Jiwaji University National Brain Research Centre
Gwalior, Madhya Pradesh, India Manesar, Haryana, India

Nisha Patro Prakash Narain Tandon

School of Studies in Neuroscience National Brain Research Centre
Jiwaji University Manesar, Haryana, India

Gwalior, Madhya Pradesh, India

ISBN 978-981-16-8312-1 ISBN 978-981-16-8313-8  (eBook)
https://doi.org/10.1007/978-981-16-8313-8

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Singapore
Pte Ltd. 2022

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-16-8313-8

Dedicated to Our Students



As a cell biologist who spent 25 years working on deciphering the detailed
mechanisms that a cell uses to replicate its DNA, I greatly admire the courage of
the many researchers around the globe who are attempting to understand the brain.
The model system that I focused on was from bacteriophage T4. This virus infects
the E. coli bacterium; and its close relatives are abundant in the world’s oceans,
responsible for a great deal of the nutrient recycling that feeds other organisms
(Suttle, 2007). The mystery that I had to unravel was the detailed mechanism of a
protein machine formed from 7 virus-encoded proteins (Alberts, 1984). This was a
struggle for my laboratory; but it is nothing compared to the task of making sense of
the human brain, which is composed of more than 100 billion neurons, each of
which, on average, forms synapses with a thousand others in intricately patterned
arrays. These nerve cells are supported in critical ways—many not yet understood—
by the glia, the brain cells that outnumber the neurons two to one and are the focus of
this monograph.

Science is a great international effort of the world’s community of scientists, and
brain science in particular is a field of tremendous challenge that will require the
talents and resources of every nation for its success. India, a wonderful country that I
have visited perhaps 20 times, has an immense scientific and technical potential. Its
attention to neuroscience has been a relatively late development, in which one
man—Prakash Narain Tandon—has played a major role.

I first met Prakash on my initial trip to India, in September 1993. The occasion
was the first-ever meeting of all the world’s science academies held in New Delhi.
This meeting had been organized by the Indian National Science Academy (INSA),
with Prakash serving as its president. Its focus was on world population problems, in
order to produce a scientific view of population issues and layout a scientifically
based agenda for achieving a sustainable future (Royal Society, 1994). The meeting
was such a success that it led to the formation of a new permanent organization, the
InterAcademy Panel on International Issues (IAP), established to enhance the
important roles that science can play in humanity’s future.

Prakash was chosen to present the views of science at the famous UN Conference
on Population and Development that was held in Cairo in September 1994. In
recognition of his immense talents and generous spirit, he was then chosen as one
of the first co-chairs of the IAP (his partner was Sherwood Rowland, the Nobel Prize
winner who was serving as the foreign secretary of the US National Academy of
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viii Foreword

Sciences, where I was president). Prakash and I then worked together intensely on
international science issues for more than a decade, and we remain close friends in
frequent contact.

It is very unusual for a distinguished neurosurgeon to become a leading scientist
in his or her nation, much less to become a leader for science around the globe. This
was only possible because Prakash is a very unique man. In fact, he reminds me very
much of Charles Darwin, who wrote in his autobiography that “my mind seems to
have become a kind of machine for grinding general laws out of large collections of
facts.” Now over 90, Prakash, mimicking Darwin’s continued long productivity,
continues to write prolifically on subjects that range from India’s science history to
neurosurgery, neuroscience, and education. His latest contribution, entitled “Glial
Biology: A Historical Perspective,” is Chap. 1 in this book. Also highly
recommended is his recent autobiography, Closed doors, open windows.
(Tandon, 2019).

As Prakash points out in his introductory chapter, once thought of simply as the
“glue” that maintains neurons, glial cells (astrocytes, oligodendrocytes, and
microglia) are now recognized to perform many different essential functions in the
brain, playing informative roles in processes that range from neurogenesis and
synaptogenesis to controlling the degeneration that occurs in aging and diseased
brains. The progress made to date in understanding each of these functions is the
subject of the 26 chapters that follow Chap. 1.

In closing, I want to commend Ishan Patro, Pankaj Seth, Nisha Patro, and Prakash
Narain Tandon the editors of this important overview of the exciting and critical field
of glial cell biology. The result of their efforts clearly highlights India’s many
contributions to the ongoing struggle to unravel the enormous complexities of
brain science. This volume thus represents an important part of the great interna-
tional effort to better understand fundamental human biology, a task that will be
essential for improving the human condition.
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More than a 100 years after Rudolf Ludwig Carl Virchow (1821-1902) discovered
and designated these cells of the central nervous system as NeuroGlia, implying their
function as a glue. Glia continued to be considered as “Subordinate,” secondary,
supporting cells of the neurons. This notwithstanding that Ramon Cajal (1852—
1934), already in early years of the twentieth century, described the diverse mor-
phology and functions of astrocytes. And soon after Rio del Hortega (1882—-1945)
identified the microglia and ascribed their possible functions and Wilder Penfield
(1891-1976) working in his lab defined oligodendroglia. Nevertheless, the dominant
role of neurons and their involvement in diverse functions of the brain preoccupied
the attention of most neuroscientist—basic or clinical.

Surprisingly, it was only towards the end of the last century and more so during
the last 2 to 3 decades that the researches of the neuroscientists established that glia
are equal partners of neurons in their functions.

Fortunately, a number of neuroscientist in India also got interested in Glia
Biology around this time. In addition to their individual efforts, they constituted a
group with financial support of the Department of Biotechnology, Government of
India, to promote this field of research. PNT was supported by the National Acad-
emy of Sciences (India) to work on this volume.

Consequent to their research output published as scientific papers, it was felt that
with their help a comprehensive book could be published providing an updated
account on all aspects of Glia Biology since there is a paucity of such literature. This
book is the result of this collaborative effort of these scientists.

The book consists of 27 chapters dealing with basic biology of the glial cells—
their structure, functions in health and disease, their interaction with neurons and
each other. This is followed by their role in pathophysiology of diverse diseases of
the nervous system and mental functions. Effort is made to point out the areas for
future research and “tools” to do so. The book would be useful both for basic
neuroscientists, students, and clinicians.

We are grateful to Prof. Bruce Alberts for his thought-provoking foreword. PNT
is specially touched by his very laudatory reference to him. It is no doubt due to their
very long friendship and his concern for advancement of Indian science to which he
has contributed in a variety of ways.



X Preface

We are thankful to Ms. Tiyasha Sarkar, Ms. Urmilla John, and Mr. Syed Mujtaba
for their help in the editorial process and especially to Dr. Urmishree Bedamata for
language corrections in several of the chapters.

We wish to place in record the support rendered by the publication team of
Springer Nature.
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Glial cells were identified by Virchow in 1854 (neuroglia). Cajal in 1897 elaborated
the most common of these—the astrocytes—their detailed histology and possible
functions. His pupil, del Rio Hortega, independently described the microglia and
along with Penfield elaborated the oligodendroglia (1924). Preoccupied with the
study of the neurons, for nearly a century not much attention was paid to the glial
cells—generally considered as supporting cells of the “masters”—neurons. How-
ever, glial cells gathered the due attention during the past 2 to 3 decades.

Enormous information has thus accumulated in recent years on the structure and
functions of glial cells, their cross-talks among themselves and with the neurons.
These discoveries have great significance for our understanding of the complex
function of the central nervous system in health and disease. They are now regarded
to be equally important cell type of the brain, as neurons. Recent studies have
established glial cells to be indispensable for neural maturation, maintenance, and
function. These advances in our understanding of role of glial cells have designated
glial neurobiology, as a rapidly advancing field.

Neuronal health and functions are regulated by the glial cells, and hence it
necessitates compilation of recent advances in our understanding of the glial cell
functions both in physiology and pathophysiology. The proposed book offers a
compilation of recent research outcomes in understanding the role of glial cells
(astrocytes, microglia, oligodendroglia, satellite cells, and the Schwann cells) in
health and disease. The chapters in this book are carefully chosen to cover important
aspects of glia biology, their role in regulation of neuronal functions, and their cross-
talk during health and disease.

This book will be distinct from other materials available for the readers due to its
content and updated knowledge. The other attractive features of this compilation
would be a comprehensive, current yet concise write-up on important aspects of glial
biology—a subject on which still there is a paucity of such reference-cum-textbooks.

This has prompted us to venture producing this book with the participation of
26 senior neuroscientists (and their groups), each a distinguished scientist with
personal contributions in the field have joined us in this venture.
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GAT GABA transporters

GB Glioblast

GB Glioblastoma

GBA Glucocerebrosidase

GCI Glial cell/cytoplasmic inclusions

GCM Glial conditioned medium

Gcem Glial cells missing

GCM-LGF Media of LGF-treated glial cultures
GD Gestation Day

GDNF Glial cell line-derived neurotrophic factor
GE Glucose excited

GFAP Glial fibrillary acidic protein

GFAP-ir cells Glia fibrillary acidic protein-immunoreactive cells
GGF2 Glial growth factor 2

Ggtal Glycoprotein alpha-galactosyltransferase 1
GHSR Growth hormone secretagogue receptor
GI Glucose inhibited

GlJs Gap junctions

GK Glucokinase

GLAST Glutamine aspartate transporter

GLE Extracts of Ganoderma lucidum

GInC4 Glutamine-C4

GLP Polysaccharide of Ganoderma lucidum
GLPIR Glucagon-like peptide-1 receptor

GLT Glutamate transporter 1

GluR Glutamate receptor rich

GluC4 Glutamate-C4

GLUT Glucose transporters

Glx Glutamine-glutamate

GM-CSF Granulocyte macrophage colony-stimulating factor
GMC Ganglion mother cell

GP Globus pallidus

gpl130 Glycoprotein 130

Gp4l Glycoprotein 41

GPC Glial precursor cells

Gpc4,6 Glypican 4 and 6

GPCRs G-protein-coupled receptors

GPe Globus pallidus externa

GPi Globus pallidus interna

Gpr34 G-protein-coupled receptor 34

GPx Glutathione

GR Glucocorticoid receptor

Grp78 Glucose-related protein-78 kDa
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GRPs
GS
GSK3
GWAS
H2-D1
H202
H4Ac
HBV
HD
HDLS
HES
hES-AS
hESC
HfNSCs
HHV6
HIF1
hiPSC
HIV
HLA
HLA-DR
hM3Dq
HMGBI1
HNPCs
HNSCC
HO
HO-1
Hox
HPA
HPC
hPSC
HS
Hsc-70
HSCs
HSP
HSV
Iba 1
ICAM
1d2.4
IDE
IDH
IDO

IF

IFN
IFN-y
IGF
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Glial-restricted progenitors

Glutamine synthetase

Glycogen synthase kinase 3
Genome-wide association study
Histocompatibility 2, D region locus 1
Hydrogen peroxide

Acetylation of histone H4

Hepatitis B virus

Huntington’s disease

Hereditary diffuse leukoencephalopathy with spheroids
Hairy and enhancer of split-1

Human embryonic stem cell-derived astrocytes
Human embryonic stem cell

Human fetal neural stem cells

Human herpes virus 6
Hypoxia-inducible factor 1
Human-induced pluripotent stem cell
Human immunodeficiency virus

Human leukocyte antigen

Human leukocyte antigen-DR isotype
Modified human M3 muscarinic (hM3) receptor
High mobility group box 1

Human neural progenitor cells

Head and neck squamous cell carcinoma
Heme oxygenase

Heme oxygenase 1

Homeobox gene

Hypothalamus pituitary adrenal
Hippocampus

Human pluripotent stem cell
Hippocampal sclerosis

Heat shock cognate 71 kDa protein
Hematopoietic stem cells

Heat shock protein

Herpes simplex virus

Ionized calcium-binding adaptor molecule 1
Intercellular adhesion molecule
Inhibitors of differentiation 2,4
Insulin-degrading enzyme

Isocitrate dehydrogenase

Indoleamine 2, 3-dioxygenase 1
Immunofluorescence

Interferon

Interferon-y

Insulin-like growth factor
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IGF-1
HC

IL

IL- 8, 12
IL-1r
IL-1ra
IL-1RAcP
IL-1P
IL-34
IL-4,5
IL-6
ILAE
iNOS
10P
iPLA2pB
iPSC
IRAK
IRF
IRF8
ISGs
ISRE
IT-type
Itgax
JAK
JAK/STAT
ICV
JEV
JINK
KATs
KCC2
kDa
Keap
Kir4.1
Kif4
KMO
KO

KSR
KYN
L-DOPA
L-NAME
L-a-AA
LACV
LAMP
LAMP2
LB

Abbreviations

Insulin-like growth factor-1
Immunohistochemistry

Interleukin

Interleukin-8, 12

Interleukin-1 receptor

Interleukin-1 receptor antagonist
Interleukin-1 receptor accessory protein
Interleukin 1

Interleukin-34

Interleukin-4, 5

Interleukin-6

International League Against Epilepsy
Inducible nitric oxide synthase
Intraocular pressure

Phospholipase A2 beta

Induced pluripotent cells

Interleukin-1 receptor-associated kinase
Interferon regulatory factor

Interferon regulatory factor 8
Interferon-stimulated genes
Interferon-stimulated response element
Intratelencephalic connections

Integrin subunit alpha X

Janus activated kinase

Janus kinase-signal transducer and activator of transcription
JC virus

Japanese encephalitis virus

c-JUN N-terminal kinase

Kynurenine aminotransferases

K-CI co-transporter

Kilodalton

Kelch-like ECH-associated protein
Inwardly rectifying K* channel 4.1
Kriippel-like factor
Kynurenine-3-monooxygenase
Knockout

Kinase suppressor of Ras

Kynurenine

Levodopa

NG-nitro-L-arginine methyl ester
L-a-aminoadipate

La Crosse virus

Lysosomal-associated membrane protein
Lysosomal-associated membrane protein 2
Lewy body
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LC

LC3
LCM
LDH
LDHS5
LepR
LGF
LIF
LIFRp
LIP
IncRNAs
LOFC
LOX
LPS
LRP1
LRR
LRRK2
LTA
LTD
LTP
MAFB
MAG
MAGL
MALDI/TOF
MANF
MAO
MAO-B
MAP-2
MAPK
MARCM
MAVS
MBP
MC
MCAO
MCP-1
MCT
MDD
MDT
MECP2
MEGF10
MEIS3
MEK
MERTK
METH
mGIluR1
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Locus coeruleus

Microtubule-associated protein light chain 3
Laser capture microdissection

Lactate dehydrogenase

Lactate dehydrogenase 5

Leptin receptor

Liver growth factor

Leukemia inhibitory factor

Leukemia inhibitory factor receptor 3

Labile iron pool

Long non-coding RNAs

Left orbitofrontal cortex

Lipoxygenase

Lipopolysaccharide

Lipoprotein receptor-related protein 1
Leucine-rich repeat

Leucine-rich repeat kinase 2

Lipoteichoic acid

Long-term depression

Long-term potentiation

MAF BZIP transcription factor B
Myelin-associated glycoprotein
Monoacylglycerol lipase

Matrix-assisted laser desorption/ionization time-of-flight
Mesencephalic astrocyte-derived neurotrophic factor
Monoamine oxidase

Monoamine oxidase B
Microtubule-associated protein
Mitogen-activated protein kinase

Mosaic analysis with a repressible cellular marker
Mitochondrial antiviral-signaling protein
Myelin basic protein

Motor cortex

Middle cerebral artery occlusion

Monocyte chemoattractant protein-1
Monocarboxylate transporters

Major depressive disorder

Mediodorsal thalamus

Methyl-CpG-binding protein 2

Multiple epidermal growth factor-like domains protein 10
Meis homeobox 3

Mitogen-activated protein kinase ERK kinase
MER proto-oncogene tyrosine kinase
Methamphetamine

Metabotropic glutamate receptor 1
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mGluRs
MGMT

MGnD
MHC
MHCII
mHTT
MIF
MIP-1a
miRNAs
MID
MLD
MMP-3
MMP-9
MMPs
MNNG
MOBP
MOG
mPFC
MPP+
MPS
MPTP
MRI
MRP
MRP1
MRS
MS

MS
MSA
MSC
MSNs
mSOD-1
MTS
MV
Myb
MyD88
MyRF
NAA
NAD+
NADH
NALS-CSF
NAPE-PLD
NB

NC
NCC

Abbreviations

Metabotropic glutamate receptors

Promoter methylation of O6°-methylguanine-DNA methyl-
transferase

Microglial neurodegenerative phenotype
Major histocompatibility complex

Major histocompatibility complex II
Mutant Huntingtin

Macrophage inhibitory factor

Macrophage inflammatory protein-1 o
MicroRNAs

Machado-Joseph disease

Metachromatic leukodystrophy ()
Metalloproteinase-3

Matrix metalloproteinase-9

Matrix metalloproteinases
N-Methyl-N'-nitro-N-nitrosoguanidine PARP
Myelin oligodendrocyte basic protein
Myelin oligodendrocyte protein

Medial prefrontal cortex
1-Methyl-4-phenylpyridinium

Mononuclear phagocyte system
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Magnetic resonance imaging

Multidrug resistance protein

Multidrug resistance protein 1

Magnetic resonance spectroscopy

Mass spectrometry

Multiple sclerosis

Multiple system atrophy

Mesenchymal stem cell

Medium spiny neurons

Mutant superoxide dismutase-1

Mesial temporal sclerosis

Microvesicle

Transcription factor myeloblastosis
Myeloid differentiation primary response 88
Myelin gene regulatory factor

N-Acetyl aspartate

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide + hydrogen (H)
CSF of non-ALS patients
Phosphatidylethanolamine phospholipase D
Neuroblast

Normal control

Neurocysticercosis
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NCX
NDRG2
NEP
NEPs
NeuroD
NF
NF-H
NF-xB
NF1A
NFATp
NFTs
NG2
NGB
NGF
Ngnl
NHD
NKCC1
NKRF
NL
NLR
NLRP3
NLRs
NMDA
NMO
NMOSD
NMR
nNOS
NO
NOS
NOS
NOX
Nox2
NPC
NPY
NQO
Nrf-2
Nrf2-ARE

NSAIDs
NSC-34
NSCs
NT3
NVU
OCD
OCLN
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Na*/Ca®* exchanger

N-myc downregulated gene 2

Neprilysin

Neural epithelial precursors

Neuronal differentiation gene
Neurotrophic factor

Neurofilament-H

Nuclear factor kappa B

Nuclear factor 1A

Nuclear factor of activated T cells p
Neurofibrillary tangles

Nerve/glial antigen 2

Neuroglioblast

Nerve growth factor

Neurogeninl

Nasu-Hakola disease

Na-K-Cl co-transporter

NF-xB repressing factor

Neuroligin

Nucleotide-binding oligomerization domain-like receptor
NACHT, LRR, and PYD domains-containing protein-3
NOD-like receptors

N-Methyl D-aspartate

Neuromyelitis optica

Neuromyelitis optica spectrum disorder
Nuclear magnetic resonance

Neuronal nitric oxide synthase

Nitric oxide

Nitric oxide synthase

Nitrogen oxidative species
NADPH-oxidized

NADPH oxidase 2

Neural progenitor cells

Neuropeptide Y

NAD(P)H quinone dehydrogenase
Nuclear factor erythroid 2-related factor 2
Nuclear factor erythroid 2-related factor 2—antioxidant response
element

Nonsteroidal anti-inflammatory drugs
Neuroblastoma X spinal cord hybrid cell line
Neural stem cells

Neurotrophin-3

Neurovascular unit

Obsessive compulsive disorder

Occludin
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ODG
OFC
OL
Olfm13
OMT
ONOO-
OPCA
OPCs

P
P2X7R
P2Y11
P2Y12R
PA
PAG
PAM
PAMP
PARK-7
PARP
Pax
PB2
PBMCs
PBR
PC
PCD
PD
PDA
PDGF
PDGFRa
PET
PEC
PFK
PGE-2
PHGG
PI3K
PINK1
PK
PK-KO
PKC
PLA2G6
PLC
PLC
PLD
PLGG
PLP
PMD

Oligodendroglioma
Orbitofrontal cortex
Oligodendrocyte
Olfactomedin-like 3

Oxymatrine

Peroxynitrite
Olivopontocerebellar atrophy
Oligodendrocyte precursor cells
Postnatal

P2X purinoceptor 7

P2Y purinoceptor 11

Purinergic receptor 12

Pilocytic astrocytoma
Phosphate-activated glutaminase
Plaque-associated microglia
Pathogen-associated molecular patterns
Parkinson disease protein 7
Poly(ADP-ribose) polymerase
Paired box gene

Polymerase basic protein-2
Peripheral blood mononuclear cells
Peripheral benzodiazepine receptor
Prelimbic cortex

Programmed cell death
Parkinson’s disease
Progenitor-derived astrocytes
Platelet-derived growth factor
Platelet-derived growth factor receptor o
Positron emission tomography
Prefrontal cortex
Phosphofructokinase
Prostaglandin E2

Pediatric high-grade gliomas
Phosphoinositide 3-kinases
PTEN-induced putative kinase-1
Pyruvate kinase

Parkin knockout

Protein kinase C

Phospholipase A2 group VI
Pontine locus coeruleus
Phospholipase-C
Phospholipase-D

Pediatric low-grade gliomas
Proteolipid protein 1
Pelizaeus-Merzbacher disease
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PML
PMP22
PNNSL
PNS
Poly(Q)
POMS
PPARs
PRR
PSD-95
PSEN
PSP
PT-type
PTFE
PTPRC
PTX3
PTZ
PUFA
PXA
PYD
QUIN
RAGE
RANTES

RAS
RG
RIG-1
RLRs
RNS
ROS

RP
RSCs
RU486
Runx1
S100a10
S100p
SAC
SALL1 & 3
SALS
SAP-Clq
SASP
SC
SCAl
SCI
SDS
SEGA

XXXi

Progressive multifocal leukoencephalopathy
Peripheral myelin protein

Perineural nets

Peripheral nervous system

Polyglutamine

Pro-opiomelanocortin

Peroxisome proliferator-activated receptors
Pattern recognition receptor

Post-synaptic marker protein

Presenilin

Progressive supranuclear palsy

Pyramidal tract

Polytetrafluoroethylene

Protein tyrosine phosphatase receptor type C
Pentraxin-3

Pentylenetetrazole

Polyunsaturated fatty acids

Pleomorphic xanthoastrocytoma

Pyrin domain

Quinolinic acid

Receptor for advanced glycation end products
Regulated upon activation, normal T-cell expressed and
presumably secreted

Retrovirus-associated DNA sequences
Radial glia

Retinoic acid-inducible gene-1

RIG-I-like receptors

Reactive nitrogen species

Reactive oxygen species

Retinitis pigmentosa

Remak Schwann cells

Roussel-Uclaf 486

Runt-related transcription factor

S100 calcium-binding protein al0

S100 calcium-binding protein 8

S-Allyl cysteine

Spalt-like transcription factors 1&3
Sporadic amyotrophic lateral sclerosis
Serum amyloid P-complement component 1, q subcomponent
Senescence-associated secretory phenotype
Schwann cells

Spinocerebellar ataxia type 1

Spinal cord injury

Shy-Drager syndrome

Subependymal giant cell astrocytoma
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SGC
SHH
sICAM-1
SICs
SiglecH
Sipl
SLCI1A2
SLC1A3
Smarca-4/Brgl
SNATSs
SNC
SNCA
SND
SNpc
SNpr
SNV
SOCS3
SOD-1
SOD-2
SPARC
SPG2
SPHK1
Sppl
SRB1
SREBP
SSADH
SSP1
SSPE
SSRIs
STAT3
STN
Svz

T3

T4

Tat
TBEV
tBHQ
TBI
TBM
TCA
TCE
TDP-43
TEER
TERT
Tf

Satellite glial cells

Sonic hedgehog

Soluble intercellular adhesion molecule 1

Slow inward currents

Sialic acid-binding immunoglobulin-like lectin H
Smad-interacting protein 1

Solute carrier family 1 member 2

Solute carrier family 1 member 3

ATP-dependent SWI/SNF chromatin remodeling enzyme

Sodium-coupled neutral amino acid transporter
Sciatic nerve crush

a-synuclein gene

Striato-nigral degeneration

Substantia nigra pars compacta
Substantia nigra pars reticulata

Single nucleotide variation

Suppressor of cytokine signaling 3
Superoxide dismutase-1

Superoxide dismutase-2

Secreted protein acidic and cysteine rich
Severe spastic paraplegia 2

Sphingosine kinase 1

Secreted phosphoprotein 1

Scavenger receptor class B member 1
Sterol regulatory element-binding protein
Succinic semi-aldehyde dehydrogenase
Sporulation-specific protein 1
Subacute-sclerosing panencephalitis
Selective serotonin reuptake inhibitors
Signal transducer and activator of transcription 3
Subthalamic nucleus

Subventricular zone

Triiodothyronine

Thyroxine

Transactivator of transcription
Tick-borne encephalitis virus

Tertiary butylhydroquinone

Traumatic brain injury

Tubercular meningitis

Tricarboxylic acid cycle

50% ethanolic extract of Tinospora cordifolia

43-kDa transactive response (TAR)-DNA-binding protein

Transendothelial electrical resistance
Telomerase reverse transcriptase
Transferrin
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Tfam
TFR

TG
TGF-a
TGF-p
TH
TH-ir
Thbs1
TIMP-1
TIMPs
TLE
TLR
TLR4
TMA4SF1
TMEMI119
TMEV
TNF
TNF-«a
TNFR1
TNFR2
TRAF-6
TRAP-1
TREM-2
TRIF
TrkB
TRPC3

TRPV1
TSH
TSPO
VC
VCAM
VDACI1
VEGF
VEGF-A
VEGFR-1
VGSC
VIM
VM DA
VMN
vmPFC
VNUT
VPA
VPFC
VTA
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Mitochondrial transcription factor A
Transferrin receptor

Trigeminal ganglia

Transforming growth factor-o

Transforming growth factor beta

Tyrosine hydroxylase

Tyrosine hydroxylase-immunoreactive
Thrombospondin 1

Tissue inhibitor of matrix metalloproteinase 1
Tissue inhibitors of metalloproteinases
Temporal lobe epilepsy

Toll-like receptor

Toll-like receptor 4

Transmembrane 4 L six family member 1
Transmembrane protein 119

Theiler’s murine encephalomyelitis virus
Tumor necrosis factor

Tumor necrosis factor alpha

TNF receptor type 1

TNF receptor type 2

Tumor necrosis factor receptor-associated factor 6
TNF receptor-associated protein

Triggering receptor expressed on myeloid cells 2
TIR-domain-containing adaptor-inducing interferon-f3
Tropomyosin receptor kinase B

Transient receptor potential cation channel subfamily C member
3

Transient receptor potential vanilloid type-1
Thyroid-stimulating hormone

Translocator protein

Visual cortex

Vascular cell adhesion molecule
Voltage-dependent anion-selective channel 1
Vascular endothelial growth factor

Vascular endothelial growth factor A
Vascular endothelial growth factor receptor-1
Voltage-gated sodium channel

Vimentin

Ventral midbrain dopaminergic
Ventromedial nuclei

Ventromedial prefrontal cortex

Vesicular nucleotide transporter

Valproic acid

Ventral prefrontal cortex

Ventral tegmental area
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VWM
VZ
WD
WHO
WM
Wnt
WNV
WT
YS
Zfp24
ZIKV
70
70-1
PPIXE

Abbreviations

Vanishing white matter disease
Ventricular zone

Wilson’s disease

World Health Organization
White matter
Wingless/integrated

West Nile Virus

Wild type

Yolk sac

Zinc finger protein 24

Zika virus

Zonula occludens

Zonula occludens-1

Scanning proton-induced X-ray emission
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Abstract

In spite of the fact that the glial cells were discovered as “neuroglia” as far back as
1854 they remained to be further designated as astrocytes, oligodendrocytes, and
microglia up to 1924. Unlike neurons, the glial cells did not get serious attention
for almost 100 years and these cells remained to be described as “glue,” “servants
of the neurons,” and so on until the later part of nineteenth and early twentieth
century. They gained importance only in the 1980s when neuroscientists realized
the interplay between the neurons and glia particularly with the development of
modern technologies in understanding cell-cell interactions. Now we understand
that the formation, maturation, functioning, and maintenance of neurons are
essentially dependent on the glial cells. This chapter intends to summarize the
historical perspectives of these developments.

Keywords

Astrocyte - Oligodendrocyte - Microglia - Neuroinflammation

1 Introduction

First described by Virchow in 1854 (neuroglia), further defined by Cajal in 1897
(astrocytes), and better delineated by Hortega in 1919 (microglia and
oligodendrocytes), the glial cells in the central nervous system were relegated to
be the supporters and “servants” of the neurons, the “regal” constituents of the CNS,
for more than a century. Slowly their other characteristics and functions came to be
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recognized. While during the latter part of the nineteenth and the early twentieth
century pathbreaking advances were made in respect to the neuroanatomical, neuro-
physiological, and neurochemical features of the neurons by His (1831-1904),
Meynert (1833—-1892), Kraepelin (1856-1926), Sherrington (1857-1952), Langley
(1852-1925), Brodmann (1868-1918), Dale (1875-1968), and Adrian (1889-1977)
among many others, glial biology did not receive similar attention. Studies on
neuroglia had to wait till the 1980s when cellular biology and neurosciences
underwent a revolution led by the development of molecular biology, genomics,
and genetic engineering and a host of new technologies. Today, one can study glial
biology in vivo in real life.

1.1 Astrocytes

The morphological heterogeneity of astrocytes, their orderly arrangement covering
specific territory, their participation in “tripartite” “synapses,” and their control of
cerebral vasculature have now been established. They are excitable in a manner
different from neurons. Details of astrocyte-neuron cross-talk and their control of
synaptic transmission have been elaborated. They express a wide variety of func-
tional neurotransmitter receptors and release a variety of gliotransmitters. They not
only regulate cerebral circulation in response to neuronal activity but also play an
active role in brain energy production, delivery, utilization, and storage. They play
an important role in brain development, neuronal differentiation, and neuritic
outgrowth. Astrocytes not only regulate neurogenesis but are also the neuronal
progenitors. They integrate and process synaptic information and finally regulate
synaptic transmission and plasticity.

Astrocytes secrete a variety of membrane-associated molecules and participate in
neuroinflammation and several other brain pathologies.

1.2 Oligodendrocytes

First clearly defined as a distinct entity by Rio Hortega and Wilder Penfield in the
1920s (Penfield 1924), oligodendrocytes have been a subject of detailed studies in
recent years in respect to their origin and development. They are all derived from
oligodendrocyte progenitor cells (OPCs) and cannot multiply on their own. Axonal
activity normally controls the production and/or release of the growth factors that are
responsible for the proliferation of OPCs and hence the oligodendrocyte. Their
primary function is myelination of the axons in the CNS.

It is now well established that there is a cross-talk between the neurons and
oligodendrocytes for the initiation of myelination. Myelination itself is a complex
process which has recently been elaborated to a great extent.

It has been shown that oligodendroglia not only myelinate the axons but also
provide trophic support to neurons by the production of neurotrophic factors like
GDNF, BDNF, and IGF1.
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In addition to myelination, oligodendrocytes and OPCs have immunomodulatory
function. Besides MS, oligodendroglia have been found to be involved in a host of
other CNS pathologies like ischemia, stroke, injuries, inflammation, and infection.
They are easily destroyed by antibodies in diseases like neuromyelitis optica
(Devic’s disease) and autoimmune encephalomyelitis. They are found to be affected
in patients of Alzheimer’s disease, schizophrenia, and amyotrophic lateral sclerosis.

1.3 Microglia

They were first described as “rod cell” in histopathological studies on the brain of
dementia patients by Franz Nissl in 1880. Their morphological details were
illustrated by Del Rio-Hortega (1919, 1920, 1932), and they were designated as
“microglia” to distinguish them from astrocytes and neurons. They are of
mesodermal and not of ectodermal origin.

Microglia are the immunocompetent residual macrophages of the CNS responsi-
ble for innate immunity. They kill invading microorganisms in the brain, remove
debris, and facilitate tissue repair after injury. When activated, microglia release a
number of immunocompetent molecules and chemokines which control
neuroinflammation and regulate immune response of the brain.

While the role of microglia in acute insult to the brain was well known, it is only
recently that their role in neuroinflammation associated with neurodegeneration has
been brought to light.

2 Biology of Glia: Part I—Astrocytes
2.1 History

The study of human glia dates back to 1854 when Virchow (1821-1902) described
the cellular nature of the cerebral interstitial substance which he called “Nervenkitt.”
Two years later, he named it “neuroglia” (Greek word for glue) (Somjen 1988). He
believed the neuroglia to be of connective tissue origin, functioning as glue between
the nerve cells (Oberheim et al. 2009). Using black chrome silver reaction, Camillo
Golgi (1843—-1926) in 1885 (Golgi 1885) was able to illustrate these better, thus
confirming these to be undoubtedly different from neurons. He later termed these as
radial glia or multipolar glia. Golgi pointed out that in the brain the glia cells are
interposed between blood vessels and neurons and assumed that they convey
nutritive substance to the neurons. Soon after, Andriezen published a paper, “The
neuroglial elements in human brain” (BMJ.2 (1700) 227-230, 1893) providing
further details. A year later, Retzius using Golgi stain illustrated the morphological
diversity of glial cells in the human cortex. Ramén y Cajal (1852-1934), who
primarily concentrated on neurons, published two pioneering papers in 1897 and
1913 mostly dealing with the function of the glia, “Something about the physiologi-
cal significance of neuroglia” (Cajal 1897) and “A contribution to the understanding
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of neuroglia in the human brain” (Cajal 1913) [Quoted by Navarrete and Araque
2014]. “Algo Sobre La signification functional de la neuroglia” (1897) and
“Contributional conocimante de la neuroglia del cerebro—humano” (1913). It is to
his credit that Cajal along with a number of his students illustrated the relationship of
glial cells, mostly astrocytes, to the neurons, synapses, and blood vessels (Newman
2017). His studies thus provided the concept of “tripartite synapse,” “neurovascular
coupling,” and “astrocyte-neuron interaction.”

Andriezen (1893) and Ritzius (1894) provided valuable information about the
morphology of the astrocytes. However, Albert von Kolliker (1817-1905) has been
credited to distinguish two types of astrocytes named Kurzstrahler later called
protoplasmic astrocytes and Langstrahper, i.e., the fibrous astrocytes (Von Kolliker
1919) (Quoted by Sierra et al. 2016). According to Kettenmann and Verkhratsky
(2008) and Matyash and Kettenmann (2010), it was von Lenhossek (1863-1937)
who coined the term “astrocytes” in 1895 (Lenhossek 1895) in the second edition of
his textbook on the nervous system. He classified astrocytes as protoplasmic and
fibrous.

Around the same time, Franz Nissl (1860-1918) was the first to recognize
microglia as a distinct entity but named them “Stabehenzellen” (rod cells) in 1899.
However, it was Pio del Rio Hortega (1882-1945), along with his pupil Collado,
who using silver sodium carbonate stain first described the various forms of
microglia—globose and amoeboid during development and actively phagocyte
forms and resting mature form in adults (Penfield 1928; Barron 1995).

Working in Hortega’s laboratory in Spain, Wilder Penfield (1891-1976) was able
to stain the oligodendrocytes for the first time. This was published in 1924 (Penfield
1924) in Brain giving a detailed account of these cells. A recent paper by Kuhn et al.
(2019) provides a detailed account of these cells.

While during the latter part of the nineteenth and early part of the twentieth
century path-breaking advances were made in respect to neuroanatomical, neuro-
physiological, and neurochemical studies of the neurons, mostly in the UK and
Europe, little attention was paid to neuroglia. These pioneer neuroscientists included
Franz Nissl (1860-1918), Wilhelm His (1831-1904), Theodor Meynert
(1833-1892), Emil Kraepelin (1856-1926), Gustav Retzius (1842-1919), Charles
Sherrington (1857-1952), von Economo (1876-1931), John Langley (1851-1925),
Korbinian Brodmann (1868—-1918), Henry Dale (1875-1968), and Edgar Adrian
(1889-1977).

According to Khakh and Sofroniew (2015), Kuffler (1967) was the first to predict
the role of neuroglia in neuronal activity which initiated the emerging field of glial
biology. Thus, detailed studies on neuroglia had to wait till 1980 when cellular
biology and neurosciences underwent a revolution by the developments in molecular
biology, genomics, and genetic engineering. This was supported by new
technologies and the development of new tools such as the patch-clamp technique,
fluorescence imaging, and confocal and multiphoton microscopy which allowed the
detailed visualization of the structural and physiological processes of the cells. The
outcomes of these investigations, some of which permit in vivo visualization of their
activities, are described in respect to individual glial cell categories. It must,
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however, be pointed out these cells do not function individually independently but in
collaboration with each other and the neurons for a particular goal.

In short, there have been recent advances in respect to the structure, distribution,
organization, and functions of astrocytes hitherto unknown (Volterra and Meldolesi
2005). Verkhratsky and Nedergaard (2018) have provided a very detailed account of
“physiology of astroglia.” This chapter provides an update on the current knowledge
on astrocytes.

Astrocytes are the largest number of cells in the CNS. Though already recognized
as a distinct entity, it took more than a century to unveil their true functions, not just
as a “glue” but as essential participants in the development and functions of the
neurons themselves. Interestingly, von Lenhossek who in 1895 coined the word
“astrocytes” recognized these cells to be equivalent to the nerve cells. In short,
astrocytes are highly polyvalent cells that are implicated in almost all processes that
occur in the CNS such as neurogenesis, synaptogenesis, and bilateral communica-
tion with neurons and other glial cells (Yu et al. 2020). The following account
highlights some of these features:

2.2 Morphology

Astrocyte’s Homogeneity As mentioned earlier, initially, the morphology of
astrocytes was described by Andriezen (1893), Retzius (1894), and Cajal (1897),
not only in humans but also in other mammals. However, it was Emsley and Macklis
(2006) who drew attention to the heterogeneity of astrocytes. They divided
astrocytes in nine classes—tanycytes, radial cells, Bergmann glia, protoplasmic
astrocytes, fibrous astrocytes, velate glia, marginal glia, perivascular glia, and
ependymal glia. Oberheim et al. (2006, 2009) described a novel human-specific
subtype of astroglia designated as varicose projection astrocyte. Matyash and
Kettenmann (2010) provided a detailed account of the morphology and physiology
of astrocytes. They pointed out that the morphology of astrocytes is determined by
the cytoarchitecture of a given brain region. Recent studies have confirmed that
astrocytic morphology is heterogeneous within and across brain regions and
dynamic in both physiological and pathological states (Yu et al. 2020; Khakh and
Sofroniew 2015; Khakh and Deneen 2019).

Astrocytes manifest heterogeneity of membrane currents, glutamate receptor
expression, expression of other transmitter receptors, gap junction coupling, and
Ca2+ signaling (Matayash and Kettenmann 2010).

Instead of being considered to be distributed haphazardly, it is now known that
they exist in an orderly arrangement with minimal overlap. They cover specific
territory that interfaces with the microvasculature that might include thousands of
synapses. The fraction of this territory can be controlled by specialized astrocyte
micro domains which allow highly dynamic interaction with surrounding synapses
(Bushong et al. 2002; Oberheim et al. 2006; Khakh and Sofroniew 2015; Khakh and
Deneen 2019).
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Morphologically and most likely functionally human astrocytes differ from those
of rodents. The human cortical astrocytes are larger and structurally more complex
and more diverse than those of the rodents (Oberheim et al. 2009). One of the most
distinguishing features of the adult human brain is the complexity and diversity of its
cortical astrocytes. In all mammals, protoplasmic astrocytes are organized into a
spatially non-overlapping domain that encompasses both neurons and vasculature.
However, unique to both humans and primates are additional populations of inter-
laminar astrocytes that also project distinctive long process, frequently un-branched,
throughout the layers of the cortex, terminating in either layer 3 or 4. They were
already described by Andriezen and Retzius in 1890 (Oberheim et al. 2006).

The most important marker of astrocytes is glial fibrillary acidic protein (GFAP)
which is found in almost all reactive astrocytes during central nervous system injury.
Other putative markers for astrocytes are S100B. Barres (2008) has provided a list of
other markers used for identification of astrocytes.

2.3 Functions

It is now well established that astrocytes have key role in brain development and
functions such as neuronal metabolism, synaptogenesis, homeostasis of the extra-
cellular milieu, and cerebral microcirculation. The biology of astrocyte-neuron
interaction has emerged as a rapidly expanding field in the 1990s and has become
the most exciting topic in current physiology that is changing our vision of the
physiology of the nervous system (Perea et al. 2008; Verkhratsky and Nedergaard
2018). This paper by Alexei Verkhratsky and Nedergaard (2018) is an extensive
review on the physiology of astroglia in Physiology Reviews 98, 239-389.
Astrocytes are highly polyvalent cells that are implicated in almost all processes of
CNS functioning including local integration, synaptic and non-synaptic communi-
cation, neurogenesis, and synaptogenesis (Yu et al. 2020).

Astrocyte Excitability

Till recently considered to be non-excitable support cells of the brain, it is now
established that astrocytes are excitable, based on their distinct physiology quite
different from neurons. Numerous studies performed during the past few years have
established a form of cellular excitability of astrocytes based on variation of Ca2+
concentration in cytosol rather than electrical changes in the cell membrane, a
characteristic of neurons. This excitability is regulated by Ca2+ levels in the cells.
In the late 1980s, astrocytes were found to express voltage-gated channels and
neurotransmitter receptors (Volterra and Meldosi 2005; Barres 2008; Matyash and
Kettenmann 2010).

Studies performed in cultured cells, brain slices, and in vivo have firmly
established the astrocyte excitability which is manifested as the elevation of cyto-
solic Ca2+. Fluorescence imaging techniques have shown that Ca2+ elevation
occurs spontaneously as intrinsic elements in the absence of neural activity, or
they can be triggered by neurotransmitters released during synaptic activity.
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Astrocyte Ca2+ elevation has also been observed following physiological sensory
stimuli (Perea et al. 2008). Astrocyte Ca2+ elevation stimulates the release of
different gliotransmitters. Imaging of astrocytic calcium levels was the initial exper-
imental step of the glial revolution (Haydon 2001).

Astrocyte-Neuron Interaction

Astrocytes express a wide variety of functional neurotransmitter receptors and
release several neuroactive molecules such as glutamate, D-serine, ATP, adenosine,
GABA, TNFX, prostaglandins, proteins, and peptides. These molecules collectively
called as “gliotransmitters” control astrocyte to neuron communication and also
synaptic transmission (Perea and Araque 2010; Araque et al. 2014).

It has been demonstrated that signaling between neurons and astrocytes is a
reciprocal communication where astrocytes not only respond to neuronal activity
but also actively regulate neuronal and synaptic activity (Zonta et al. 2003; Perea and
Araque 2006; Haydon and Carmignoto 2006; Newman 2003; Araque and Navarette
2010; Yu et al. 2020).

Astrocytes have an important role in various aspects of brain development and
function such as neural metabolism, synaptogenesis, homeostasis of the extracellular
milieu, and cerebral circulation. They are involved in neuronal survival and differ-
entiation, neuronal guidance, and neurite outgrowth (Zonta et al. 2003). Interestingly
enough studies have produced evidence to suggest that astrocytes not only regulate
neurogenesis but are also neural progenitors. It has been shown by anatomical,
genetic, and functional studies on humans and other mammals that astrocytes are
critical for improved cognitive abilities in humans (Robertson 2014; Zhang and
Barres 2013).

There is a yet another function of neuron-astrocyte co-existence in the CNS. They
support each other in a variety of ways. Recently, Farmer et al. (2016) explored the
influence of neurons on two specialized types of astrocytes in the mouse cerebellar
cortex. They found the neurons produced the morphogen sonic Hedgehog. Hedge-
hog signaling adjusted distinctive gene expression within the two astrocytic cell
types. They concluded that mature neurons appear to promote and maintain specific
properties of associated astrocytes.

Astrocytes and Synapses

Astrocyte processes envelop the neuronal synapse and give rise to a structure called
“tripartite synapse.” As mentioned earlier, Cajal (1897) had described this
anatomical structure, but it is only recently its functional significance has been
elaborated (Gallo and Chittajallu 2001; Perea et al. 2008).

Astrocytes are thus an integral part of the synapse and can be considered as
cellular elements involved in synaptic information processing (Perea and Araque
2006, 2010). It is now established that astrocytes sense the activity of neighboring
synapses responding to neurotransmitters released by synaptic terminals. Further-
more, astrocytes may in turn influence synaptic transmission (Araque et al. 2001;
Haydon 2001; Carmingnoto 2000). Recently, Santello et al. (2019) have explored
the role of astrocytes from information processing to cognition and cognitive
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impairment. Volterra and Meldolosi (2005) have elaborated how astrocytes “listen
and talk.” Thus, astrocytes are part and parcel of an integrated network of brain
communication, both synaptic and non-synaptic routes. The control of synaptic
structure and function depends upon direct neuroglia signaling involving intracellu-
lar Ca2+ concentration which is induced by synaptic glutamate-dependent activation
of AMPARS (Bezzi and Volterra 2001). Various soluble factors released by
astrocytes have been shown to promote formation and maturation of excitatory
and inhibitory synapses (Bolton and Eroglu 2009).

The earlier concept of “tripartite synapse” has now been extended to a “multipar-
tite synapse” consisting of (1) the presynaptic terminals; (2) the postsynaptic com-
partment; (3) the perisynaptic process of neighboring microglial cell that periodically
contacts the synaptic structures; and (4) the extracellular matrix (ECM), which is
present in the synaptic cleft and extends extrasynaptically.

The role of astroglia in the regulation of synaptic connectivity is, however,
immensely wider; astrocytes control emergence and shaping of synaptic network,
regulate ionic homeostasis of the synaptic cleft, control neurotransmitter dynamics,
present or allow neurotransmitter spillover, and contribute to synaptic extinction
(Oliet et al. 2001). These multiple roles of astroglia in synaptic physiology were
synthesized in the concept of the “astroglial cradle.”

Neuron-dependent excitation of astrocytes is widespread. The transfer of infor-
mation from neurons to glia occurs through the spillover helped by the existence of
“tripartite synapses.” Astrocytes can discriminate neuronal inputs of different origins
and can integrate concomitant inputs (Volterra and Meldolesi 2005). Astrocytes
integrate and process synaptic information elaborating a complex non-linear
response to the incoming information from adjacent synapses.

In short, astrocytes integrate and process synaptic transmission and finally regu-
late synaptic transmission and plasticity, through the release of gliotransmitters
(Lino et al. 2001). Astrocytes mainly signal through high-affinity slow-desensitizing
receptors to modulate neurons and perform integration in spatiotemporal domains
complementary to these neurons (Araque et al. 2014). According to Perea et al.
(2008), astrocytes must, therefore, be considered an integral component of synaptic

physiology.

24 Astrocytes and Neurovascular Regulation

The idea that astrocytes connect to blood vessels and neurons dates back to Camillo
Golgi (1871) and beautifully illustrated by Ramén y Cajal (1895). However, the
dynamic processes that complement these structural interactions, most notably the
active dialogue between astrocytes and other elements of the central nervous system,
have only begun to emerge recently. The functional networks of neuron, glia, and
vascular cells have been termed the neurovascular unit. It is well known that
neuronal activity leads to focal vasodilation, which is the basis of functional MRI
(fMRI) studies (Klienfield et al. 1998; Raichle 1998). Tokano et al. (2006) are
credited to be the first to demonstrate that astrocytic calcium elevation induces
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vasodilation of the cortical perforating arterioles. Cajal (1895) hypothesized that
constriction of astrocyte end-feet would trigger vasoconstriction and end-feet relax-
ation would induce vasodilation. About a century later, Paulson and Newman (1987)
proposed astrocytic potassium “siphoning,” i.e., influx of potassium ions into the
astrocytes near active synapses and efflux of potassium from astrocyte to end-feet
into the perivascular space and subsequently potassium-induced vasodilation as a
mechanism of functional hyperemia.

Cellular imaging of neurons and astrocytes together with cerebral blood flow
(CBF) recording in single vessels in vivo in living animals achieved only relatively
recently using multiphoton microscopy of fluorescent-labeled blood vessels, and
multicell bolus loading calcium indicators have helped in understanding the mecha-
nism of functional hyperemia (Klienfield et al. 1998; Tokano et al. 2006). As a result
of these studies, it has been possible to have a detailed dissection of different cellular
components—blood vessels, astrocytes, pericytes, endothelium, and neurons—
in vivo (Zonta et al. 2003; Haydon and Carmignoto 2006). This in turn is responsible
for understanding brain energy metabolism.

25 Astrocytes and Brain Energy Metabolism

It is now well established that astrocytes play an active role in brain energy delivery,
production, utilization, and storage (Allaman et al. 2011). While neurons consume
nearly 20% of the oxygen and 25% of the glucose consumed by the human body,
they generally lack mechanism for storing energy. There is close relationship
between brain activity, glutamatergic neurotransmission, energy requirements, and
glucose utilization (Belanger et al. 2011). As mentioned earlier, task-dependent
increases in cerebral activity are accompanied by changes in local blood flow and
glucose utilization. These processes are called “neurovascular” and
“neurometabolic” coupling. Fox and Raichle (1986, 1988) in their PET studies
established the mechanism underlying task-induced increase in glucose metabolism.

Astrocytes possess unique cytoarchitectural and phenotypic features that ideally
positioned them to sense the surroundings and dynamically respond to changes in
the microenvironment. They advance two different types of processes. On the one
side, they constitute an essential component of the “tripartite synapse,” and on the
other, they are in contact with intraparenchymal microvasculature through their
end-feet.

Astrocytes are thus tailored to ideally position themselves to sense neuronal
activity at the synapses and respond to their appropriate metabolic supply via their
end-feet (Belanger et al. 2011). Both astrocytes and neurons have a capacity to
oxidize glucose and/or lactate. Enough evidence exists suggesting a role of
astrocytes in coupling glutamatergic transmission and energy metabolism via a
lactate shuttle (Suzuki et al. 2011). Astrocyte to neuron lactate transport is required
for long-term memory formation. Astrocytes are also known to play an important
role in the homeostasis of extracellular environment. They control the extracellular
K+ concentration through the expression of specific channels. They play a critical
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role in the clearance of glutamate from the synaptic cleft to terminate synaptic
function (Araque and Navarrete 2010).

2.6 Astrocytes and Non-Neural Cells: Glia-Glia Interaction

Astrocytes also control non-neuronal brain cells. They attract cells to their territory
through the release of chemokines. In this way, they coordinate the special position-
ing of microglia and synaptocytes during inflammation and oligodendroglia during
development. They might drive reparative stem cells to lesion sites (Volterra and
Meldolesi 2005). ATP releases cytokine leukemia-inhibiting factor (LIF) which
promotes myelination activity of oligodendrocyte (Cohen and Fields 2008). Various
factors released by astrocytes, e.g., PDGF, LIF, NT-3, NT-4, CNTF, and IGF-1,
promote the differentiation, proliferation, and survival of oligodendrocyte precursor
cells. These also help myelin formation and remyelination following injury (Gard
et al. 1995).

2.7 Astrocytes and Neuroinflammation

Astrocytes are known to secrete membrane-associated molecules including
cytokines, growth factors, and neurotransmitters (gliotransmitters) in response to
physiological and pathological stimuli. It is therefore not surprising that they may
have a role in nervous system disorders. Not only are they activated by these
disorders, but they contribute to it (Ridet et al. 1977; Tandon 2007). One of the
important roles astrocytes play in this respect is through participating in
neuroinflammation. It has been known for a long time that following injury, damage,
degeneration, and loss of neural tissue, there is proliferation of glial elements,
particularly astrocytes, to replace it. However, their role in inflammation has been
brought to light only recently (Tandon 2016; Tewari and Seth 2016). Like microglia,
neuronal insult/damage also activates astroglia which then secrete a variety of
cytokines and chemokines which contribute to neuroinflammation. The relative
roles of microglia and astrocytes vary in different conditions. They promote angio-
genesis, interaction with other extracellular molecules to regulate vascularization,
and clearance of dying cells leading to a scar formation limiting the damaged area.
On the other hand, scar arrests the growth of axons in the vicinity of the reactive
astrocytes, thus stalling the regenerative process after injury. There is, thus, an active
debate on the relative beneficial and detrimental aspect of astrocytes during
neuroinflammation.

2.8 Astrocytes and Other Neuropathological Conditions

It is now known that astrocytes play an important role in the clearance of glutamate.
The glutamate-induced neurotoxicity is blamed for the pathogenesis of a variety of
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neurological disorders, e.g., epilepsy, trauma, stroke, and even neurodegenerative
disorders. Astrocytes failing to clear excessive glutamate are responsible for their
involvement in these pathologies. Tewari and Seth (2016) in their Table 3.2 have
provided a summary of “astrocyte disorders” which include Alzheimer’s,
Huntington’s, and Parkinson’s diseases and also epilepsy, autism, multiple sclerosis,
and others. It provides information on the nature of astrocyte response in each of
these disorders and a list of important recent references. Chapters 8, 9, 10, 11 and 12
are also dealing with the role of astrocytes in brain disorders.

In their extensive review, Verkhratsky and Nedergard (2018) have provided
information on some little-known functions of astroglia. These include relation to
chemoreception of oxygen, CO,, and pH and regulation of respiration and circadian
rhythm. Their role in higher cognitive function has been postulated.

In summary, astrocytes are highly heterogeneous in form and function. They are
intimately integrated into the neural network and control CNS homeostasis at all
levels of organization from molecular to the whole organ. Astrocytes play an
important role in brain development, neuronal differentiation and guidance, and
neurite outgrowth. Recent studies have shown that astrocytes not only regulate
neurogenesis but are also the neuronal progenitors. They play an active role in the
brain energy production, delivery, utilization, and storage. Astrocytes are
chemosensing elements of the brain contributing to systemic homeostasis of ions,
metabolites, and energy. Till recently considered non-excitable, they are now known
to be excitable primarily regulated by Ca2+ levels in the cytoplasm. They are
endowed with a large number of ion channels, neurotransmitters and
neuromodulator receptors, and SLC transporters. Astrocytes have been found to
secrete a host of molecules (gliotransmitters) which control astrocyte to neuron
communication and also synaptic transmission. It is now universally acknowledged
that astrocytes modulate both the intrinsic neuronal excitability and the strength of
synaptic transmission. The neurovascular unit constituted by the astrocytes provided
for focal vasodilation in response to neuronal activity, i.e., the functional hyporemia
and neuroinflammation. Disturbances in these diverse physiological functions of
astrocytes are therefore closely related to diverse neuropathological disorders and
neurodegeneration.

3 Biology of Glia: Part ll—Microglia
3.1 History

First recognized by Franz Nissl (1860—1918) during his studies on the histopathol-
ogy of dementia as the rod cells in 1880, it was Pio del Rio Hortega (1882-1945)
who along with his student Collado in 1918 using his silver staining technique
illustrated the detailed morphology of microglia. According to one of Hortega’s
biographers, “The microglia danced to him and revealed their graceful limbs ------
under the microscope he found a world of beauty which pleased his artistic soul and
satisfied his inquisitive mind.” He described microglia as a unique cell type differing
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in morphology from other glia and neurons (Del Rio-Hortega 1919; Sierra et al.
2016).

Ramoén y Cajal, who provided a detailed description of astrocytes in the late
1890s and early 1900s, found evidence for some of other cells (other than neurons
and astrocytes) which did not stain as well by his famous gold chloride sublimate
method and called them the “third element.” Rio Hortega, who considered Cajal as
his mentor and master, modified the staining techniques such as the ammoniacal
silver carbonate and demonstrated that the “third element” of Cajal consisted of two
distinct cell types, i.e., microglia (mesoglia) and oligodendrocyte (which he first
called interfascicular glia). According to Sierra et al. (2016), “Surprisingly, however,
the field of microglia did not advance for decades and some neuropathologists even
denied their existence for most part of the twentieth century. Only in late 1960s
Georg Kreutzberg started to study these cell types again. This marked a rebirth of
microglia research”

3.2 Morphology

Microglia constitute approximately 15-20% of the total glial population (Carson
et al. 2006). They are not ectodermal in origin and were believed to be of mesen-
chymal lineage (Barron 1995). It is remarkable that Hortega in one of his papers on
“Putative Origin of Microglia” in 1919 provided a detailed reasoning “to believe that
microglia histogenetically differ from ordinary astrocytes and that their nature is
mesodermal.”

Morphologically resting and activated microglia manifest different
characteristics. The former are characteristically elongated cell bodies with spine-
like processes that often branch perpendicularly. Nimmerjahn et al. (2005) have
demonstrated that even in the resting state, while the soma and main branches
remained stable for hours, their processes were remarkably motile, undergoing
cycles of formation of extension and withdrawal on time scale of minutes. In
contrast, in the activated state, the cell body increases in size; there is a thickening
of proximal processes. These processes were observed to directly contact astrocytes,
neuronal cell bodies and blood vessels, decrease in ramification of distal branches
suggesting that in healthy brain microglia serve some house-keeping function (Fetler
and Amigorena 2005).

The morphological and structural evolution of microglia in pathological
conditions creates a variety of cell types. When they migrate to the site of injury to
perform their phagocytic function, they undergo a hypertrophic transformation and
acquire multiple shapes and elongated forms becoming rod cells: when they engulf
damaged elements, they become granuloadipose bodies (Del Rio-Hortega 1919).
This activation is believed to be preceded by molecular events like changes in their
expression of cell adhesion molecules, cytoskeleton reorganization, and antigen
presentation (Patro and Patro 2004).

Microglia play an important role during the development of the CNS (see below).
During this period, they manifest different morphologies, i.e., the ameboid form
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which originates from the yolk sac. They acquire a round or irregular shape (Pont-
Lezica et al. 2011). This is in contrast to the ramified “or” resting surveillant
microglia of adult CNS and the “reactive” or “activated” microglia.

3.3 Distribution

All brain regions contain microglia in varying numbers, but they are more abundant
in the gray matter. Microglia interact more or less closely with neurons, both
protoplasmic and fibrous astrocytes, and the blood vessels (Graber et al. 2016).
Recently, a special type of microglia with close association to neurons has been
described by Baalman et al. (2015).

3.4 Functions

Microglia are the immunocompetent resident macrophages of the CNS, responsible
for innate immunity. They kill invading microorganisms in the brain, remove debris,
and facilitate tissue repair after injury. During development of the brain, they play a
major role in the developmental pruning of unnecessary synapses (Rakic and
Zecevic 2000). In the adult brain, the “ramified” microglia are really not resting
but continuously survey the healthy brain for any damage as shown by in vivo time-
lapse video microscopy by Nayak et al. (2014). They serve an immune-surveillance
function and can sense subtle changes in the microenvironment through a variety of
surface receptors (Barron 1995; Nimmerjahn et al. 2005). Such microglia release
various neurotrophic growth factors to promote the neuronal survival and also
enhance neurogenesis. During an injury or degeneration to the brain, the microglia
get activated and release neuroinflammatory molecules, growth factors, matrix
proteins, chemokines, prostaglandins, and reactive free radicals (Patro et al. 2016;
Streit 2005; McGeer and McGeer 2001).

Microglia in Inmune Regulation

As mentioned earlier, microglia when activated provide innate immunity to the CNS.
Such activated microglia release a number of immunocompetent molecules and
chemokines like macrophage inflammatory protein loo (M1Pla), monocyte
chemoattractant protein 1 (MCP1), IL, 1 L/p, IL3, IL6, IL10, IL12, IL15, IL18,
and tumor necrosis factor-a. These molecules not only control inflammation but also
regulate immune response of the brain. At the same time, activated microglia also
promote neuroprotection by releasing anti-inflammatory and growth factors like
NGF, BDNF, and NT-3. The relative role of microglia in neuronal damage and
protection depends upon a variety of factors like the nature of damage and pathol-
ogy, the duration of insult (acute or chronic), and the age of the patient (Suzuki et al.
2004; Colton 2009).
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Role of Microglia in Neuroinflammation and Diverse Neuropathologies
Microglia, the resident macrophages of the nervous system, play a dominant role in
the pathophysiology of neuroinflammation, a common feature of brain pathologies,
from the moment of an insult or injury, damage, or destruction to the neural tissue.
Microglia invade the affected region and get activated. Even in their resting stage,
they serve an immune-surveillance function. They can sense subtle changes in the
microenvironment through a variety of highly conserved pattern recognition surface
receptors (Barron 1995; Nimmerjahn-et al. 2005). Like all toll-like receptors (TLRs)
to recognize both pathogen-associated molecular patterns (PAMPs) and endogenous
danger-associated molecular patterns (DAMPs). On the other hand, activated
microglia are capable of releasing a variety of pro-inflammatory factors like NO,
H,0,, OH, NOO, TGFX3, and PGE2 and a variety of interleukins (Streit et al. 1999;
Block and Hong 2005; Tandon 2007). While the role of microglia in acute insult to
the brain was well known, it is only recently that their role in neuroinflammation
associated with neurodegeneration has been brought to light (Block and Hong 2005;
Brown and Neher 2010). Patro et al. (2016) in their paper (Table 2.1) have
summarized the neurodegenerative and neuroprotective role of microglia in various
pathological conditions which include AD, PD, HD, ALS, MS, cerebral ischemia,
prion disease, HIV, AIDS, brain tumor, and chronic pain.

While the neurotoxic or destructive role of microglia is well known, activated
microglia also act as a defense mechanism for various insults to the brain. They kill
invading microorganisms, remove debris, and facilitate tissue repair after injury.
Being the immune cell of the CNS, they protect and repair the damage and also
facilitate the healing process (Alosi 2001; Ekdahl et al. 2009). Apart from their
conventional neuromodulatory function, they contribute to neuroendocrine regula-
tion as well as neurogenesis (Chan et al. 2007; Ghosh and Ghosh 2016).

4 Biology of Glia: Part lll—Oligodendrocytes
4.1 History

Oligodendrocytes, now well recognized as the myelinating cells of the central
nervous system, were first defined by Rio Hortega as a distinct entity—a constituent
of the “third element” of his mentor Ramén y Cajal whose staining technique had
failed to reveal them. Working in Hortega’s laboratory, Penfield succeeded in
developing an exquisite picture of these cells. As mentioned in his autobiography,
“No Man Alone,” “One morning, I was thrilled to see that ‘Oligo cells’ in one of my
sections were especially clear, complicated and beautiful. The cells were not ‘few-
branching’ but many branching ‘--------- *. Then I stood up and handed a section to
don Pio. Finally, he turned and said quietly-----. ‘Casi mejor quo Yo’ (Almost better
than I could do).” On the advice of Hortega, this was published in Brain by
Penfield (1924).
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4.2 Origin and Development of Oligodendrocytes

Studies of the human fetal forebrain suggest that human oligodendrocytes have
multiple origins. Simultaneous presence of three different populations which give
rise to oligos has been reported (Jakovcevski and Zecevic 2005). However, it is not
known whether oligodendrocytes from these different sources have different roles,
myelinate different axonal pathways, or affect the outcome of CNS pathologies
(Bradl and Lassmann 2010). Most of the earlier studies on oligodendrocyte devel-
opment and myelin formation were on rodents. Even though there are some
differences between the rodent and human oligodendrocytes, there is a great deal
of similarity. They are all derived from oligodendrocyte progenitor cells (OPCs)
which arise from the medial ganglionic eminence and anterior endopeduncular area
of the ventral forebrain. These OPCs populate the entire embryonic telencephalon
including the cerebral cortex (Bradl and Lassmann 2010). There are several waves of
these cells, and they have to travel long distances in order to end up in their final
place of destination. The migration is guided by regulation signals like PDGF, FGF,
netrins, semaphorins, and chemokines CXL. Once located at their final destination,
some OPCs persist into adulthood, while the vast majority differentiate to myelin-
producing oligodendrocytes (Kuhn et al. 2019).

Rogister et al. (1999) provided a detailed account of the origin of OPCs from
neural stem cells through the developing CNS. Jakovcevski and his colleagues have
elaborated the sequence of oligodendrocyte development in human fetal telencepha-
lon (Jakovcevski and Zecevic 2005; Jakovcevski et al. 2009). There are some
differences between the OPCs distributed in white and gray matter, being evenly
distributed in the former and being less abundant in the latter.

Recent molecular biological investigations have revealed distinct markers for
various stages of development of OPCs and embryonic and adult oligodendrocytes
(Kuhn et al. 2019).

4.3 Oligodendrocytes and Myelination

The key function of oligodendrocytes is myelination of the axons in the CNS. The
myelin sheath is an extension of oligodendrocyte (and Schwann cell) plasma mem-
brane that wraps around axons in concentric fashion. In the CNS, oligodendrocytes
myelinate large diameter axons and provide trophic support for the underlying axons
(Kuhn et al. 2019; Simons and Trajkovic 2006). Myelination is a complex and
highly regulated process. Myelination occurs as a result of the upregulation of
myelin protein expression which leads the number of wraps around the axon. With
time, the number of wraps increases, thereby forming compact myelin internodes.
Throughout the process, more oligodendrocytes are produced than necessary. The
extras undergo apoptosis. The final number of oligos that survive matches the
number and length of axons that need to be myelinated (Barres and Raff 1999;
McTigue and Tripathi 2008). According to Barres and Raff (1993), although oligos
themselves do not divide, the proliferation of oligodendrocyte precursor cells
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(OPCs) that give rise to them does depending upon the electrical activation of the
neighboring axons. They observed that axonal electrical activity normally controls
factors that are responsible for the proliferation of OPCs and thereby helps to control
the numbers of oligos that develop in the region (for details, see Gibson et al. 2014).
It has been shown that axons do so through regulating astrocytes, but not OPC
proliferation. Furthermore, oligos survival depends on the release of PDGF, IGF-1,
CNTF, or NT-3 by astrocytes (Barre and Raff 1993, 1999; Barre et al. 1993). In
addition, axonally derived neuregulin (NRG) is a likely candidate signal that
mediates axonally promoted survival of mature myelinating oligodendrocytes. For
all practical purposes, Schwann cells in the peripheral nervous system behave in the
same manner (but this is not being discussed in any details here).

Oligodendrocytes not only ensheath axons to electrically insulate these structures
but also induce a clustering of sodium channels along the axon, at the node of
Ranvier, which is one important prerequisite for saltatory nerve conduction (Bradl
and Lassmann 2010). Molecular signals that initiate CNS myelination are still ill
understood. However, they provided evidence that the onset of CNS myelination in
normal development might be determined by the degree of neuronal differentiation
and not by the timing of an intrinsic oligodendrocyte differentiation program. It is
now well established that there is a cross-talk between the neurons and
oligodendrocytes for the initiation of myelination. Electrical activity is believed to
control the release of PDGF (platelet-derived growth factor) by the neurons which
enhances mitosis of OPCs. On the other hand, myelin- forming cells also send
essential signal to axons. Expression of myelin genes such as myelin-associated
glycoprotein (MAG) and PLP appears necessary for axonal function and survival
throughout life (Rogister et al. 1999; Yin et al. 1988). Although the electrical activity
of neurons in the CNS is an essential promyelinating factor, additional changes on
neurons seem to be needed to drive efficient myelin formation (Barres 2008; Bradl
and Lassmann 2010).

There is increasing evidence that cells of the oligodendrocyte linage are capable
of responding to a variety of neurotransmitters. Glutamate released by axons of
glutamatergic neurons could be a regulator of OPC numbers (Yuan et al. 1998).
Similarly, expression of non-NMDA Kainate, AMPA-preferring glutamate
receptors, adrenergic receptors and several others by OPC possibly regulate their
proliferation and differentiation. This has been extensively reviewed by Araque et al.
(1999), Rogister et al. (1999), Mc Tigue and Tripathi (2008) in their Table 1 provide
a long list of positive and negative effect of different molecules on OPC proliferation
and differentiation.

44 Non-Myelinating Functions of Oligodendrocytes and OPCs

In addition, another player in the early axon/oligodendrocyte cross-talk is Jagged, a
ligand that signals notch 1 receptor on OPC and inhibits oligodendrocyte differenti-
ation (Wang et al. 1998). Besides, the primary function of myelination
oligodendrocytes and OPCs has recently been shown to have immunomodulatory
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capacity. OPCs express cytokine receptors and assess their microenvironment
through filopodia extension (Kuhn et al. 2019). According to Kirby et al. (2019),
OPCs present antigen and are cytotoxic targets in inflammatory demyelination. In
response to inflammatory cues, OPCs, like microglia, have been shown to migrate to
the site of injury. Their precise role in this regard needs to be explored further (Kirby
et al. 2019). In short, oligodendrocytes are now recognized as critical regulators of
neuronal function in CNS development, homeostasis, and regeneration (Kuhn et al.
2019).

Oligodendrocytes and the myelin sheath metabolically support axons. According
to Lee et al. (2012), there is enough evidence to suggest that oligodendroglia support
axon survival through a myelin-independent mechanism. Oligodendrocytes can
provide trophic support for neurons by the production of neurotrophic factors like
GDNF, BDNF, and insulin-like growth factor 1 (IGF1) (Du and Dreyfus 2002).
Oligos can generate lactate, which can then be transferred to axons to generate
metabolic energy in the form of ATP (Bercury and Macklin 2015). This is done with
the help of (monocarboxylate transporter 1) MCT 1 lactate transporter which is
localized to oligodendrocytes in vivo. In addition, a number of glycolytic and Krebs
cycle enzymes contribute to glucose metabolism and ATP production (Kuhn et al.
2019; Lee et al. 2012; Pierre and Pellerin 2005).

4.5 Oligodendrocytes and CNS Pathology

A combination of high metabolic rate with its toxic by-products, high intracellular
iron and low concentration of the antioxidative glutathione, oligodendrocytes are
particularly vulnerable to oxidative damage and mitochondrial injury. Hence, the
oxidative damage is a common contribution to the oligodendrocyte loss under many
pathological conditions like MS, ischemia and injury, and inflammation and infec-
tion. Oligodendrocytes also express a variety of molecules which make it susceptible
to excitotoxic cell death, glutamate toxicity, and damaging effect of extracellular
ATP. Oligodendrocyte loss can also occur as a result of exposure to inflammatory
chemokines like tumor necrosis factor-o (TNFa) (Bradl and Lassmann 2010; Barres
2008; Jana and Pahan 2006; Jurewicz et al. 2005).

Oligodendrocytes are easily destroyed by specific autoantibodies as seen in
patients with MS-like inflammatory demyelination diseases. As a matter of fact,
demyelination and oligodendrocyte death are common features of inflammatory
white matter lesions as Devic’s disease (neuromyelitis optica) and autoimmune
encephalomyelitis.

The above pathogenetic mechanisms may damage oligodendrocytes alone or in
association with damage to the myelin also. It has been observed that different
pathological patterns of white matter injury reflect different mechanisms of myelin
and oligodendrocyte damage. Primary oligodendrocyte injury is seen in conditions
of infections such as progressive multifocal encephalopathy. In contrast, combined
demyelination and oligodendrocyte damage is observed in ischemic lesions of the
white matter and stroke and also in severe inflammatory brain lesions as seen in
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acute multiple sclerosis, virus encephalitis like herpes simplex encephalitis, and
progressive multifocal encephalomyelitis (Aboul-Enein et al. 2003; Bradl and
Lassmann 2010). Increased number of oligodendrocytes, unassociated with demye-
lination, has been reported a couple of days after spinal contusion. This remarkable
amount of oligogenesis occurs in a gliogenic zone along the borders of spinal
contusion lesion (Tripathi and Mc Tigue 2007; Mc Tigue and Tripathi 2008).
Oligodendrocyte genesis has also been observed along the borders of ischemic
lesion in the brain where the new cells are co-localized with astrocytes, microglia,
and macrophages (Mabuchi et al. 2000).

In addition to the acute lesions of the CNS mentioned above, oligodendroglial
pathology is also reported in several neurodegenerative disorders. Rarely genetic
defects that lead to oligodendrocyte damage are reported in some leukodystrophies;
this is due to the accumulation of mutated PLP1 (Torii et al. 2014). White matter
pathology is a characteristic of Alzheimer’s disease (AD) (Fischer et al. 2015; Desai
et al. 2010). However, oligodendrocytes and demyelination are believed to occur
secondary to degeneration (Xu et al. 2001). Oligodendrocyte pathology can be
evident even before any neurodegenerative event materializes (Fischer et al. 2015).

A reduction of perineuronal oligodendrocytes in gray matter of prefrontal cortex
has been reported in schizophrenia (SZ). This is specially so in the left CA4 region of
the anterior and posterior hippocampus. This decreased number of oligodendrocytes
was found to be associated with cognitive deficit. In addition, Raabe et al. (2019)
have demonstrated that expression of myelin and oligodendrocyte-related genes was
profoundly affected in the prefrontal, temporal, and occipital cortex, hippocampus,
and basal ganglia (for further details, also see Cassoli et al. 2015; Uranova et al.
2007; Vikhreva et al. 2016; Schmitt et al. 2015). Lee et al. (2012) demonstrated that
oligodendrocyte-specific MCT 1 (monocarboxylate transporter 1) loss causes
axonopathy. Similarly, the reduced ability of gray and white matter oligodendroglia
to support motor neurons caused by altered MCT1 expression may contribute to
amyotrophic lateral sclerosis (ALS) pathogenesis.

Oligodendrocytes are the cells of origin of both oligodendrogliomas and
oligoastrocytomas. On the basis of an immunohistological and electron microscopic
study of 55 such tumors, Sarkar et al. (1988) observed that both these tumors arise
from a common progenitor cell capable of differentiation into both oligodendrocyte
and astrocyte. The nature and degree of differentiation depend probably on gene
expression and/or some microenvironmental factors. Oligodendrogliomas express
S100, MAP 2, and other markers; IDH1 (R132H) is uniformly positive in the
majority of oligodendrogliomas. But there is no specific immunohistochemical
marker for the diagnosis.

More than 90% of oligodendrogliomas harbor IDH1 mutation. Concurrent dele-
tion of chromosomal arms 1P and 19q is the diagnostic alteration. Most common
mutation in IP/19q co-deleted oligodendrogliomas is present in CIC gene on
19q.13.2 followed by FUBP1 mutation on 1p 31.1. Prognostically favorable role
of IDH1 mutation and 1P/19Q co-deletion is noted in those who are treated with
adjuvant radiotherapy and/or chemotherapy in contrast to those treated with surgery
alone (Rao and Santosh 2018).
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Advances in knowledge about the structure and function of glial cells have a
major impact on our understanding of normal neural function and pathogenesis of a
variety of brain diseases, specially neuroinflammation and neurodegeneration.
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Abstract

Initially, glial cells were believed to function as “glue or packaging” cells of the
brain; however, the last two decades of research from basic and clinical scientists
have duly recognized them as one of the most important cell types in the
mammalian brain. It has been now well established that glial cells, and, in
particular, astrocytes, play immensely important roles that enable neurons to
function optimally. This chapter describes the historical aspects of research on
astrocytes, their role during brain development and synaptogenesis and other
physiological functions of the brain, and finally how they contribute to disease
pathogenesis or CNS disorders.
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1 Introduction
1.1 History

The documented history of the presence of cells apart from neurons in the nervous
system dates back to nearly two centuries when Dutrochet, in 1824, identified two
cell types in the mollusk brain and Gabriel Gustav Valentin, in 1836, proposed the
idea of the existence of excitable active and non-excitable passive elements in the
brain. In 1851, Heinrich Miiller produced the first images of retinal radial glial cells,
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while Jacob Henle and Friedrich Merkel visualized the glial network in gray matter
in the year 1869. Opposing the dominant opinion of the presence of only neurons in
the brain in his times, Rudolf Ludwig Carl Virchow had an idea of the presence of
another cell type in the brain which motivated him in their search (Parpura and
Verkhratsky 2012). In 1856, he introduced the concept and the term “Nervenkitt” or
“neuroglia”—as “connective tissue” supporting nervous elements that span from the
ependyma to the deeper white matter (Somjen 1988). Using the absence of axon as a
characteristic feature, first proposed by Deiters in 1865, Camillo Golgi provided the
first detailed description of glial cells by observing thin sections fixed with osmic
acid. He used silver nitrate chromate stain to characterize points of contact (now
known as endfeet) between glial cells and blood vessels. In subsequent years, the
idea of the origin of glial cells was shifted from mesodermal connective tissue to
ectodermal-derived ependymal cells. In 1913, Santiago Ramén y Cajal identified
astrocytes, their origin from radial cells, and the cell division property of adult
astrocytes through gold and mercury sublimate staining of glial fibrillary acidic
protein (GFAP). Later in 1920, del Rio Hortega introduced the term microglia to
describe non-neuronal “wandering histiocytes” in the central nervous system (CNS)
with mesodermal origins and interfascicular glia with neuroepithelium origin called
oligodendrocytes. The discovery of NG2 glia or oligodendrocyte progenitor cells
came much later in 1981 by William Stallcup.

The shift of direction of research from morphological identification to the physi-
ological functions of glial cells was gradual. With the development of electrophysi-
ology, the study of neurons accelerated, while the glial cell research was left
restricted to histochemical techniques. The evolution of glial cell function from the
notion that it simply fills the empty spaces to its expansive and complex functions in
pathological conditions took more than a hundred years. Cajal advanced the idea of
glial cells and their processes to serve nerve fibers to provide nutrition for neurons
(Garcia-Marin et al. 2007). The idea of glia resembling secretory cells, initiated by
Cajal, was further elaborated by Achucarro who proposed that the glial extensions
secrete factors that communicate with the bloodstream. The phagocytic property of
glial cells was first reported by Marinesco in 1896 which were later observed by del
Rio Hortega in microglia (Pérez-Cerda et al. 2015). He identified most of the
functions of microglia known in the present times. Beginning with the contribution
of these eminent scientists, the scope of function of glial cells, especially astrocytes,
is now expanded much more than just supporting cells in the brain.

1.2 Classification

In the mammalian nervous system, the glial cells are classified into peripheral
nervous system (PNS) glia and central nervous system (CNS) glia. Thus, PNS glia
are the glial cells present in the peripheral nervous system and include Schwann
cells, olfactory ensheathing cells, and satellite glial cells. The Schwann cells are
further divided into myelinating Schwann cells that myelinate axons of neurons in
PNS, non-myelinating Schwann cells that surround PNS non-myelinated axons, and
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Classification of glial Cells
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Fig. 1 Classification of glial cells and their cell-specific markers. The glial cells are present in CNS
and PNS. The glial cells in PNS include Schwann cells, olfactory ensheathing cells, and satellite
cells. The cells in CNS are grouped based on their ectodermal or mesodermal origins. The microglia
have mesodermal origins and invade the brain parenchyma early in development. The macroglia
have ectodermal origins and are classified into oligodendrocytes, astrocytes, and NG2 glia. Created
on Inkscape Project, 2020. Inkscape, Available at https://inkscape.org

perisynaptic Schwann cells that wrap peripheral synapses. Satellite glial cells sur-
round neurons in the peripheral ganglia. While the olfactory ensheathing cells are the
radial glial cells that envelop unmyelinated olfactory axons, the enteric glial cells
occupy the enteric nervous system. In the CNS, the glial cells are classified into two
types based on their origins—microglia and macroglia—that include astrocytes,
oligodendrocytes, and nerve/glial antigen 2 (NG2) glia. The microglia have a
mesodermal origin and enter the brain early during embryogenesis, while the
macroglia have ectodermal origins and are differentiated into the cell types based
on the growth factors provided during the development. Microglia are the resident
innate immune cells of the CNS that constantly scavenge the surroundings for
possible pathogens and insults. As the name suggests, astrocytes are star-shaped
cells with processes that interact with other glia cells, neurons, and the vascular
endothelium to maintain blood-brain barrier integrity. Oligodendrocytes are respon-
sible for generating myelin sheath around the axon throughout life, while NG2 glia
cells are adult progenitor cells that tend to differentiate into astrocytes and
oligodendrocytes. Each cell type has a specific function that contributes to the
maintenance of homeostasis for synapses and proper circuit functioning (Fig. 1).
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2 Embryogenesis and Development of CNS
2.1 Development of Glial Cells

The neurons and glia, except microglia, develop from the progenitor-mediated radial
glial cells that line the ventricular cavities in the CNS of the embryo. The
proliferative progenitor cells originating from the neuroepithelial cells give rise to
neurons, astrocytes, or oligodendrocytes depending on the trophic factors provided
in the environment. The glial fibrillary acidic protein (GFAP), astrocyte-specific
glutamate transporter, brain lipid-binding protein, and RC2 antigen-expressing
primate radial glia are differentiated into various glial cell types including NG2
glia, astrocytes, and oligodendrocytes at the embryonic day E10 in rats (Zhang 2001;
Falk and Gotz 2017). In adult neurogenesis, the neural stem cells (NSCs) that
migrated to the subventricular zone (SVZ) during development commit to neuronal
fate through astrocyte-secreted factors like Wnt7a and Ephrin-B2 and expression of
Notch receptor ligands like DIk1 (Falk and G6tz 2017; Marchetti and Pluchino 2013;
Kriegstein and Alvarez-Buylla 2009). Also, Wnt signaling activates the proliferation
of OPCs into oligodendrocytes. The radial glia cells destined to become adult NSCs
lose their proliferative property early in the developmental stage and express p>’ <P
that shifts them to the quiescence stage of the cell cycle (Falk and Gotz 2017). The
radial glia polarity primarily supports the radial migration of neurons to form the
cortex of the brain (Taverna et al. 2014). As the neurons migrate radially through
bipolar radial cells, most of the radial cells lose their polarity and contact from
ventricles and start transforming into astrocytes (Kriegstein and Alvarez-Buylla
2009). Astrocytes express adhesion molecules like Tenascin-C, Ephrin-B2, and
Ephrin-B3 that help in the migration of olfactory interneurons and neuroblasts
(Marin and Rubenstein 2003).

As neurons and glia regulate each other’s number, the migration and differentia-
tion of precursor cells are dependent on the growth factors activated and secreted
through various signaling pathways (Taverna et al. 2014). The bone morphogenetic
protein (BMP)-induced Smad signaling differentiate NSCs into astrocytes (Sun et al.
2001), while blocking fibroblast growth factor (FGF) signaling, the astrocytes
change morphology to reactive astrocytosis by increasing the expression of GFAP
(Farmer and Murai 2017). The Notch signaling inhibits neurogenin 1 (ngnl)-
meditated neuronal differentiation (Farmer and Murai 2017) and specifies the fate
of ectodermal cells by expressing delta proteins that bind to the notch present on the
adjacent cell-activating notch signaling to continue with the glioblast lineage
(Gaiano and Fishell 2002). Further, the gain of function of notch allows the
transcription of glial cells missing (gcm) gene, which encodes a nuclear transient
protein selectively expressed in early glial cells and acts as a switch to neuronal fate,
if inhibited (Hosoya et al. 1995; Jones et al. 1995). Although Notch can promote
Miiller glial, radial glial, and astroglial fates in the mammalian brain, its activation
inhibits oligodendroglia differentiation as well (Behzadian et al. 1998). Moreover,
extrinsic growth factors like the cytokines leukemia inhibitory factor (LIF) and
ciliary neurotrophic factor (CNTF) are potent inducers of astrocyte production via
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the JaK/STAT pathway independent of notch potentiation of precursor cells (Sun
et al. 2001). The immature astrocytes contact neurons and release factors that
potentiate a neuron to form a synapse with the other neurons. Microglia along
with oligodendrocytes play an essential role in the axon guidance (Allen and
Lyons 2018; Meng et al. 2016). Also, astrocytes define circuits, synaptic pruning,
and phagocytosis of failed synapses to eventually play a major role in synapse
formation.

2.2 Synaptogenesis and Synapse Maintenance

Astrocytes play a dominant role in the development of the CNS through their
involvement in the formation and maintenance of accurate synapses for a functional
neural network across the brain. Astrocytes direct the neurons to their location,
facilitate neurite growth, and influence the formation and strengthening of the
synapse (Bialas and Stevens 2012; Kuijlaars et al. 2016; Stogsdill et al. 2017; Tsai
et al. 2012; Ullian et al. 2004). The process of synaptogenesis starts in midgestation
and continues extensively for 3 weeks post-natal in rats (8 weeks post-gestation to
2 years post-natal in the human cerebral cortex). This process allows the neurons to
form elaborate yet precise connections with each other through enhanced efficacy of
pre-synaptic transmitter release, redistributed receptors, strengthened contacts, and
expression of neuron type-specific receptors (Bosworth and Allen 2017; He and Sun
2007; Slezak and Pfrieger 2003). Remarkably, the astrocytes are allocated to specific
location regions of the brain during development to sustain synaptogenesis. They fail
to provide appropriate surroundings for synaptogenesis when recruited from a
different region (Tsai et al. 2012).

The function of glial cells, including astrocytes, in the development of a synapse
can be categorized into the efficient processes of axon guidance, synaptogenesis,
circuit redefining, and clearance of failed synapses. Firstly, they guide the neurons
toward the target and promote neurite growth through the secretion of factors like
thrombospondin, an extracellular protein (Mosser et al. 2017). The astrocytes,
microglia, and oligo play an essential role in axon guidance and support the
migration of the neurons in a calcium-dependent manner (Meng et al. 2016). The
neurite growth is significantly reduced when astrocytes have low expression of
N-cadherin along with reduced calcium signaling (Pfrieger 2009). Another protein
that guides glia-mediated growth of axon is netrin. The netrin expression of the post-
synaptic neuron directs the neuron toward the glia already in contact with the
pre-synaptic neuron (Colén-Ramos et al. 2007). Microglia specifically affect the
development of dopaminergic axons through brain-derived neurotrophic factor
(BDNF)-mediated tropomyosin receptor kinase B (TrkB) signaling while leaving
serotonergic axons unaffected (Mosser et al. 2017). Also, the astrocytes express
neuroligin, an adhesion molecule that helps the neuron to achieve its ultimate aim to
reach the target with a morphologically correct dendrite that is ready to form a
connection with the other neurons.
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Secondly, synaptogenesis is an extensive and meticulous process that requires the
accurate and precise functioning of all the cell types present in the brain. The process
of synaptogenesis coincides with gliogenesis wherein the immature astrocytes
contact neurons and release factors that potentiate the neuron to form a synapse
with other neurons (Allen 2019). Neurons form fewer and non-functional synapses
without glial cells, while their presence increases not just the number of neurons but
the efficiency of the synapses formed. Astrocyte-conditioned media (ACM) studies
show the presence of apoE-containing lipoproteins as secretory factors in the media
that increase the total number of synapses on each neuron and their maintenance by
dendrite development along with neuronal survival (Mauch et al. 2001; Barres and
Smith 2001). Thrombospondin is another factor identified in the ACM which is
secreted by astrocytes that induces synapse formation (Allen and Barres 2005)
Christopherson et al. 2005). Other confirmed soluble factors include Hevin,
BDNF, transforming growth factor-o (TGF-a), insulin-like growth factor-1
(IGF-1), tumor necrosis factor-a (TNF-a), and secreted protein acidic and rich in
cysteine (SPARC) (Baldwin and Eroglu 2017; O’Kusky et al. 2000; Stellwagen and
Malenka 2006). The BDNF facilitates synaptogenesis through spine formation
regulated by microglia which is observed in studies where BDNF was specifically
knocked out (Mosser et al. 2017). TNF-a and thrombospondins increase synapse
formation efficiency by increasing the expression of N-methyl-D-aspartate (NMDA)
and o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in
the excitatory neurons while decreasing the expression of inhibitory receptors
through promotion of endocytosis (Mosser et al. 2017; Freeman and Rowitch
2013). IGF-1 promotes synaptogenesis and facilitates myelination of the neurons
that favors neuron survival and increases the number of synapses per neuron
(D’Ercole et al. 2002; O’Kusky et al. 2000). Astrocytes regulate the excitatory
synapses by enhancing their number with the release of glutamate receptor agonists
and suppress them by adenosine 5'-triphosphate (ATP) release. The inhibitory neural
networks are also influenced by the presence of astrocytes. Apart from secretion of
soluble factors, glial cells also improve synaptogenesis through physical contacts
(Allen and Barres 2005). The expression of adhesion molecules including Ephrin-
A3 and Hevin by the glial cells allow their association with the dendritic spines to
bridge the gap between pre-synaptic and post-synaptic neurons (Allen and Barres
2005; Baldwin and Eroglu 2017; Hama et al. 2004). Astrocytes also express
neuroligin (NL) family protein NL2 that interacts with neurexins in neurons to
allow the formation of excitatory synapse, while its downregulation results in
inhibitory synapses (Stogsdill et al. 2017). On the contrary, they can physically
prevent the neurons to contact each other and thereby prevent synaptogenesis.

Externally supplied cholesterol also sustains continuous synapse development
and the stability of the evoked release of neurotransmitters. As the synapses between
the neurons are developed with the support of glial cells, the circuits are refined in an
activity-dependent manner. The “fine-tuning” is essentially required for the cancel-
lation of unnecessary noise. With the presence of purinergic receptors on their
surface, astrocytes and microglia are recruited to the activity-dependent ATP
released by the neurons for their elimination (Miyamoto et al. 2013; Fatima et al.
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2017). Microglia maintain contact with the synapse through spines, pre-synaptic
terminal, and synaptic clefts that increases the neuronal activity to define an
established circuit (Arcuri et al. 2017). Microglia help in redefining the circuits by
removing inappropriate synapses in an activity-dependent manner (Mosser et al.
2017). Uptake of glutamate from the extracellular space by astrocytes through the
expression of amino acid transporter by astrocytes suppress the synaptic strength,
reported in drosophila (Grosjean et al. 2008). This suggests the possible role of these
transporters during development that refines a circuit by elimination of glutamatergic
synapses due to inactivity. Neurons rely on astrocytes to recycle neurotransmitters
such as glutamate and histamine for sustained signaling. Perisynaptic astrocytes take
in and convert neurotransmitters including glutamate, gamma-aminobutyric acid
(GABA), and histamine into inactive metabolites for transport; therefore, astrocytes
adjust synaptic communication and plasticity (Allen and Lyons 2018). The timing of
synaptogenesis coincides with astrocyte generation. With the progression of synapse
maturation, the immature synapse needs to be eliminated by astrocytes and
microglia. Mice lacking CX3C chemokine receptor 1 (CX3CR1) have delayed
synaptic pruning when microglia numbers are reduced. As a downstream target of
CX3CRI1, IGF-1 is secreted as a trophic factor by glial cells that promotes BDNF-
mediated neuronal survival (O’Kusky et al. 2000). Also, astrocytes indirectly partic-
ipate in the debris clearance process by secreting phagocytic markers that are
recognized by microglia for phagocytosis (Bosworth and Allen 2017). Thus,
astrocytes not only support but contribute significantly to the synaptogenesis and
maintenance of the synapse during the development of the CNS.

3 Markers and Functions
3.1 Cell-Specific Markers

Astrocytes

Astrocytes are star-shaped glial cells that change their morphology into activated
phenotypes in response to a threat. As the astrocytes develop, the immature
astrocytes express an intermediate filament vimentin which is replaced by GFAP
as they differentiate into their mature forms (Bramanti et al. 2010). GFAP is an
approximately 9 nm intermediate filament cytoskeletal protein that provides struc-
tural stability and helps in the motility of the astrocytes. This cytoskeletal protein is
largely expressed by mature astrocytes with increased expression following CNS
injury, reactive astrogliosis, and glial scars (Zhang 2001; Zhou et al. 2020). The
increased expression and accumulation of GFAP in the cytosol in response gliosis
make it a characteristic marker for astrocyte reactivation. Another protein used for
their identification is S100p, a constitutively expressed protein, primarily produced
by astrocytes that exerts an autocrine and paracrine effect on the neural cell types to
induce the expression of nitric oxide and pro-inflammatory cytokines. S1008 is a
calcium binding protein that induces the neurotrophic function of cell growth and
proliferation in primary astrocytes (Schonrock et al. 1998). Therefore, elevated
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levels of S100f in the serum or tissue correspond to reactive astrocyte state. As
glutamate and its transporters are majorly responsible for maintaining the homeosta-
sis in the synaptic cleft, the specific receptors on the membrane surface serve as
biomarkers of the cell. This includes the glutamate transporter 1 (GLT1) or excit-
atory amino acid transporter 2 (EAAT2) which is predominantly localized in the
astrocytes. The GLT1 transports one molecule of glutamate from the extracellular
space with three Na* ions and an H* ion. As GLT]1 is predominantly localized in the
astrocytes, they are used as cell-specific markers. Other proteins used for astrocyte
identification include aldehyde dehydrogenase 1 (ALDHI1) and aquaporin 4 (AQ4).
The change in expression levels of these biomarkers also helps in the identification
of the state of astrocytes (Bramanti et al. 2010).

3.2 Functions

The glial cells have expanded from a mere two to three cells in numbers in
C. elegans to consisting more than 90% of total cells in mammalian brain paren-
chyma. With evolution, not only the numbers increased, but their contribution in
sustaining the proper functioning of the neurons and the brain also evolved. From
their remarkable function in the development of CNS and synaptic transmission to
the structural support and barrier function, glial cells have a diverse range of roles
that ultimately maintain homeostasis in physiological conditions and try to restore it
in pathological conditions. The microglia act as the resident immune cells that
respond to the insults and pathogens, while astrocytes provide structural and func-
tional support to the blood-brain barrier (BBB) and the neurons (Arcuri et al. 2017;
Bagchi et al. 2019; Chen and Li 2021; Graeber and Streit 2010; Uanglei et al. 2010).
NG2 glia are adult progenitor cells that can differentiate into both astrocytes or
oligodendrocytes. NG2 cells have the tendency to generate and maintain
oligodendrocytes which is essential for neuronal myelination for axonal support
and fast conduction of signals. The functions of each class of glial cells are not
restricted to the functions mentioned but diversify to wider range to support the
neuronal survival and thus the homeostasis of the central nervous system.

The astrocytes play an essential role in instructing the fate of cells during the
development of CNS along with operation in synaptogenesis by increasing the
number of mature functional synapses. Although few studies show an important
role of microglia in early synaptogenesis (when astrocytes are not present) during
embryonic days 14—15 in rats, the majority have proved a dominant phagocytic role
of microglia to clear out the dying neurons in later stages of embryonic development
(Pont-Lezica et al. 2011). Astrocytes provide structural support and a physical
barrier to the brain that allows the brain to be separated from the rest of the body
systems and provide a blockade for substances’ as well as pathogens’ entry to the
brain. The role is not limited to structural support but also the functional integrity of
the blood-brain barrier through the formation of the neurovascular unit, where the
endfeet of the astrocytes are in close association with the microvascular endothelium
to allow selective passage of substances.
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Astrocytes support metabolic needs, nutrition, and ion exchange to maintain the
proper functioning of neuronal circuits. They provide lactate as a substrate to
neurons in an activity-dependent manner, allow glutamate uptake through EAAT
and control extracellular K+ to regulate water transport (Ransom and Sontheimer
1992). Glutamate, a neurotransmitter, is recovered from the synaptic cleft through
glutamate receptors on the astrocyte and transferred as glutamine back to neurons
(Lobsiger and Cleveland 2007). Another function of glial cells includes the regula-
tion of neuronal survival during development through continuous neurotropic
signals which helps in their proliferation and differentiation. While astrocytes aid
in synaptogenesis, microglia continuously scavenge the environment to assist in
axon fasciculation, neurite formation, and synaptic pruning and engulf the majority
of cellular debris (Wake et al. 2012). The NG2 glia are adult progenitor cells that
have the potential to differentiate into astrocytes and oligodendrocytes (Verkhratsky
et al. 2019). When the brain parenchyma encounters insult, the astrocytes send
neurotrophic signals for their migration, proliferation, and differentiation into either
cell type to compensate for the lost population (Nakano et al. 2017). Due to this
reason, the NG2 glia and oligodendrocytes have high metabolic turnover and exhibit
damage in the majority of pathologies. On the contrary, the astrocytes and microglia
change their state of active rest to a reactive state that secretes soluble factors
including cytokines, chemokines, and growth factors to maintain the homeostasis
for adequate neuronal functioning.

Role of Astrocytes in Blood-Brain Barrier (BBB)

The neurons function in a sensitive, controlled, and regulated system that allows
precise signaling among the neural networks. Thus, it is possible that an evolutionary
pressure was created to protect the brain from neurotoxins and isolate the CNS from
the rest of the system for its better functioning. The blood-brain barrier aids it by
providing a physical blockade and yet allows efficient communication, selective
permeation of molecules, and restricted pathogen entry to maintain homeostasis of
the CNS. The blood-brain barrier mainly comprises the endothelial cells of the blood
vessels, the perivascular space, and the endfeet of astrocytes allowing the communi-
cation of the peripheral system to the brain. When astrocyte aggregates are cultured
with endothelial cells, astrocytes induce the formation of tight capillaries and
venules as opposed to when endothelial cells are placed with meningeal cells in
the iris (Janzer and Raff 1987; Quintana 2017). In the case of pathogenic invasion,
the disruption of the BBB is primarily important to invade and infect the brain
parenchyma. Many viruses like HIV, Japanese encephalitis, rabies, and West Nile
virus utilize different mechanisms to breach this barrier through either paracellular or
transcellular pathways (Dallasta et al. 1999; Dewhurst et al. 1987; Diamond and
Klein 2004; Roy and Hooper 2008; Serramia et al. 2015; Spindler and Hsu 2012;
Verkhratsky et al. 2010). For example, the West Nile virus changes the expression of
tight junction proteins on endothelial cells, while rabies enters the brain through the
neuronal route causing inflammation to disrupt the BBB (Chen and Li 2021). The
astrocytes and endothelial cells have a synergistic effect on each other where the
astrocytes release factors including vasoactive agents and cytokines to modify the
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expression of junction proteins like occludin and zonula occludens 1 (ZO-1) and
permeability of the endothelial cells, while they enhance differentiation of astrocytes
by secreting factors like LIF (Janzer and Raff 1987; Abbott et al. 2010; Quintana
2017). Moreover, astrocytes are the primary source of inhibitory factors which
downregulate the growth of endothelial cells and drive them toward apoptosis
(Behzadian et al. 1995). This signifies that pathogens that can infect astrocytes can
also disrupt the BBB by downsizing the endothelial cells and decreased
angiogenesis.

Role of Astrocytes in Brain Functions

The astrocytes play an essential role in the CNS due to their close communications
with neurons, synapses, blood vessels, and other glial cells (He and Sun 2007; Jessen
2004; Pfrieger 2010). Astrocytes provide a diverse functional capability with intri-
cate molecular and structural properties that involve mechanical support to the
neurons, a close association with the vascular endothelial cells for BBB, and
maintaining extracellular molecules and neurotransmitters to name a few. The
importance of astrocytes is established from the beginning of embryonic develop-
ment of the CNS when they play a crucial role in neurite growth and synaptogenesis.
The neurite growth is significantly reduced when astrocytes have low expression of
N-cadherin along with reduced calcium signaling (Pfrieger 2009). As
synaptogenesis coincides with gliogenesis, the immature astrocytes contact neurons
and release factors that potentiate the neuron to form a synapse with other neurons
(Allen 2019). Neurons form fewer and non-functional synapses without glial cells,
while their presence increases not just the number of neurons but the efficiency of the
synapses formed. Thrombospondins in the glial-conditioned media (GCM) which is
secreted by astrocytes induce synapse formation (Allen and Barres 2005;
Christopherson et al. 2005). Other identified soluble factors include Hevin, BDNF,
TGF-a, IGF-1, TNF-a, and SPARC (Baldwin and Eroglu 2017; Cheng et al. 2007;
O’Kusky et al. 2000; Stellwagen and Malenka 2006). TNF-a and thrombospondins
increase synapse formation efficiency by increasing the expression of AMPA and
NMDA receptors in the excitatory neurons while decreasing the expression of
inhibitory receptors by promoting their endocytosis (Mosser et al. 2017; Freeman
and Rowitch 2013). With the presence of purinergic receptors on their surface,
astrocytes are recruited to the activity-dependent ATP released by the neurons for
its elimination (Miyamoto et al. 2013). Also, astrocytes indirectly participate in the
debris clearance process by secreting phagocytic markers that are recognized by
microglia, inviting them to the site for phagocytosis (Bosworth and Allen 2017). The
astrocytes express class II major histocompatibility complex (MHC II) antigens and
co-stimulatory molecules B7 and CD40 which contribute to their immune function
in the CNS (Dong and Benveniste 2001). Although less intense, TNF-a- and
IFN-y-induced expression of MHC II in the astrocytes act as antigen-presenting
cells that may activate CD4" T-cell proliferation in the presence of B7 and CD40 and
T-cell anergy or apoptosis in their absence in mice models. When the brain paren-
chyma encounters insults, the astrocytes send neurotrophic signals for their migra-
tion, proliferation, and differentiation into either cell type to compensate for the lost
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population (Nakano et al. 2017). The adult NSCs reside with astroglial cells in the
adult neurogenic niches (Falk and Gotz 2017; Wen et al. 2009). This indicates that
astroglial cells in these niches have an important role to provide extrinsic factors to
NSCs to maintain their character or induce adult neurogenesis. This includes a
complex interplay between various factors like Ephrin-B2 and Wnt and signaling
pathways of BMP, Wnt, and Notch pathways (Table 1).

Role of Astrocytes in Neuronal Functions and Communication

During the development of CNS, astrocytes play a crucial role in the functioning of
neurons beginning from forming and maintaining a synapse between neurons to
controlling the homeostasis for precise signal transduction by modulating the
concentrations of various molecules in the extracellular milieu. Astrocytes are
closely associated with synapses through perisynaptic processes and aid in the
regulation of neurotransmitter availability in the synaptic cleft. The presence of
receptors of neurotransmitters on the astrocytes helps in their internalization and
recycling or degradation. Astrocytes regulate glutamate concentration by a meticu-
lous glutamate uptake process via amino acid transporters. Astrocytes also control
extracellular K™ that helps in the regulation of water transport and neurotransmitter
uptake (Ransom and Sontheimer 1992). Glutamate, a neurotransmitter, is recovered
from the synaptic cleft through glutamate receptors on the astrocyte and transferred
as glutamine back to neurons (Lobsiger and Cleveland 2007). The astrocytes direct
the excitatory as well as inhibitory synapses among the neurons to regulate the neural
networks. They regulate the excitatory synapses by enhancing the release of gluta-
mate receptor agonists and suppress them by releasing ATP. Astrocytes also express
neuroligin family protein NL2 that interacts with neurexins in neurons that allows
the formation of excitatory synapse, while its downregulation results in inhibitory
synapses (Stogsdill et al. 2017).

Another role of astrocytes in development is contributed by their ability to
metabolize pregnenolone in progesterone by 3f-hydroxysteroid dehydrogenase
(Garcia-Segura and Melcangi 2006). The steroid produced by the astrocytes acts
as a neuromodulator for the development of neurons and its function by regulating
the levels of ATP, mitogen-activated protein kinase (MAPK), and phosphoinositide
3-kinases (PI3K)/protein kinase B (Akt) pathways. Neurons are observed to form
fewer synapses in the absence of astrocytes which otherwise release cholesterol
bound to apolipoprotein E (apoE) which are then internalized by the neuron (Barres
and Smith 2001). As apoE is primarily synthesized by astrocytes while its receptors
are abundantly expressed by neurons, a strong glial-induced synapse promoting the
function of astrocytes is observed.

The astrocytes not only help in synaptogenesis but also regulate behavior through
their effect on the GABAergic neurons in the striatum. The striatal neurons release
GABA which activates Gi-coupled GPCRs to induce calcium signaling in astrocytes
(Nagai et al. 2020). This in turn cause an increased expression of thrombospondin-
induced synapse formation through increased expression of AMPA and NMDA
receptors (Freeman and Rowitch 2013). The behavioral outcome of Gi-coupled G-
protein-coupled receptor (GPCR) activation in astrocytes by GABA released from
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Table 1 The functions executed by astrocytes in the CNS and their functional components

Functions
Development of CNS

Structural support

Barrier function

Homeostatic function

Metabolic function

Synaptic transmission

Regulation of blood flow

Higher brain functions

Brain defense, neuroprotection, and
post-injury remodeling

Functional components

Neurogenesis; cell migration and formation of gray matter
layer; synaptogenesis, synapse maturation, and
maintenance by thrombospondin; axonal guidance
Formation of neurovascular unit—a structural barrier
between blood vessels and brain parenchyma by the
expression of tight junction proteins in endothelial cells
which is regulated by the astroglial endfeet surrounding
the vessels

Regulation of formation and permeability of blood-brain
and CSF-brain barrier; formation of glial vascular
interface

Control extracellular K+; pH regulation by Na+/H+
exchangers; water transport through AQP4; removal of
neurotransmitters from extracellular space via glutamate,
glycine, and GABA transporters

Uptake of glucose; deposition of glycogen; provide lactate
as energy substrate to neurons in an activity-dependent
manner; acute effects of ATP and glutamate release on
synaptic function; release neurotrophic factors such as
nerve growth factor, brain-derived neurotrophic factor,
and neurotrophin-3; glutamate receptor activation that
triggers release of TNF-alpha

Regulation of maintenance of synapse; providing
glutamate for glutamatergic transmission; regulating
synaptic plasticity; integrating synaptic fields; provide
humoral regulation of neuronal networks through the
secretion of neurotransmitters and neuromodulators;
secrete factors like TNF-alpha, interleukins, and nitric
oxide that control the long-term potentiation; secretion of
neurotrophins to modulate remodeling, growth, and
circuitry formation of neuronal networks; regulation of
proliferation and differentiation of neural stem cells by
decreasing expression of ephrin

Regulate local blood supply (functional hyperemia)
through the secretion of vasoconstrictors or vasodilators
like arachidonic acid and nitric oxide

Chemoception through—regulation of body Na+,
homeostasis, regulation of CO2 and ventilatory behavior,
sleep, memory and learning, hoxb8 deficit results in
obsessive grooming behavior in mice

Identification of insults to provide a protective response;
increase in ATP concentration, post-lesion synaptic repair,
and reactive synaptogenesis; brief synaptic contacts shift
to prolonged contacts; glial scar formation at the site of
injury to protect healthy tissue
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neurons includes hyperactivity and disturbed attention. The neurons provide a
constant extrinsic cue to astrocytes in the cerebellum through sonic hedgehog
(Shh) signaling to modulate their transcriptional profile. This neuron-modulated
Shh signaling provides a transcriptional diversity to astrocytes in the cerebellum,
cortex, and hippocampus (Farmer and Murai 2017). The interaction between
astrocytes and neurons is a dialogue in which the neurons maintain the gene
expression in astrocytes.

4 General Pathophysiology of Astrocytes

The discovery of glial cells was made by Virchow while observing a pathological
brain. The fundamental function of the glial cells is to maintain the homeostasis of
the brain. The failure of functioning of any constituent of the CNS leads to a
disequilibrium that causes cell death and ultimately neurological disorders. The
malfunction of glial cells is detrimental to the CNS because neurons require glial
cells to survive which is not a constrain for glial cell survival. In the case of insults,
glial cells are recruited and activated to protect neurons and help in the recovery from
the damage. The insult can be acute like trauma and stroke or chronic insults like
neurodegeneration, demyelination, or metabolic disorders. The reasons for the
homeostatic imbalance can range from the metabolic, molecular, or cellular levels
to the organ level. At the molecular level, the astrocytes affect neurotransmission due
to loss of glutamate receptor uptake, which disrupts calcium homeostasis and
mitochondrial dysfunction. The energy dynamics of the neurons are disturbed
when the glial cells lack sufficient energy stores to support themselves or the
neighboring neurons. Moreover, the structural and functional support of the blood-
brain barrier by the astrocytes is significantly disrupted causing a disturbance in its
integrity. Although insults constitute the majority of the reasons for the failure of the
glial cells to maintain homeostasis, cell senescence is an important element to
consider in gliopathologies. When the astrocytes are triggered to a state of reactive
astrogliosis, NG2 cells initiate gliogenesis; induction of oligodendrocytes to white
matter death; and microglial activation. The transformation of neuroprotective
function of astrocytes to neurotoxic function leads to detrimental effects in the
CNS; and the extent of neuronal death and consequently the neurological deficits
are proportional to the extent of the failure of glial cells to rebuild the homeostasis.

4.1 Reactive Astrogliosis

With more than half of the cell population, astrocytes are undeniably one of the first
cell types to get affected by insults in the CNS. After the failure of its initial response
of hypertrophy and proliferation, astrocytes are pushed to a state of reactive gliosis.
The type of insults varies the phenotypic response of reactive astrogliosis, for
example, ischemia results in the activation of neuroprotective genes, while
pathogen-induced factors activate neurotoxic gene function to trigger a complex
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CNS insult induces hypertrophy and proliferation of astrocytes to change
their functional state from non reactive state to an active state

REACTIVE ASTROGLIOSIS

FUNCTION OBJECTIVE
NEUROTOXIC
NEUROPROTECTIVE - e
it e : :
Morphological changes- S I\?I::':g:':nae i . 19011313 site of
increased branching of depolarization; 1nsuntc'i10m§1;otect
PEGEESSES, Reversal of glutamate repair o]
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astrocyte marker proteins; incre;izcsipﬁfec:;fién of Fekuild circuitry
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secretion of cytokines Excititoxicity

Fig. 2 Reactive astrogliosis is a neuroprotective mechanism of the astrocyte to isolate and repair
the compromised site. The astrocytes transition into an active state when their increased migration
and proliferation fail to counteract the insult

reaction irrespective of the etiology of the insult (Sofroniew 2009; Zamanian et al.
2012; Zhou et al. 2020). Histologically identified by the accumulation of glial fibers
and glial scars, the morphological changes can be isomorphic or anisomorphic that
progress gradually with time and severity of the perturbation. The main aim of
reactive astrogliosis is to isolate the compromised area, protect the neurons, restore
blood-brain barrier integrity, and rebuild the circuitry. While mild to moderate
astrogliosis has the potential to regain a non-reactive state from hypertrophy and
molecular and functional changes, severe astrogliosis renders the cells beyond repair
and persists with scar formation and continuous inflammation. The active state of
astrocytes is marked by the upregulation of GFAP, vimentin, S100p, ALDH1, and
nestin along with the downregulation of GLT1/EAAT?2 transporter proteins. Recent
studies have identified Lipocalin-2 and Serpina3n as strong markers for astrogliosis
with increased mRNA transcripts and protein expression (Zamanian et al. 2012)
(Fig. 2).

Astrocytes are activated by the neurotoxic and pro-inflammatory factors released
by activated microglia or damaged neurons. The extracellular secreted factors
secreted by reactive astrocytes include cytokines like TGF-a, CNTF, IL-6, LIF,
and IL-1, free radicals like nitric oxide and reactive oxygen species (ROS), and
neurotransmitters like glutamate and ATP in response to an inflammatory stimulus
(Mense et al. 2021; Pont-Lezica et al. 2011; Sharma et al. 2007). These factors
induce physiological changes in the astrocytes that disturb membrane dynamics as
well as cause metabolic dysfunction. Under pathological conditions, depolarization
of astrocytes and Na* accumulation in the cytosol not only affect the potassium
channels to increase the extracellular accumulation of K+ but also trigger a reversal
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of glutamate transporter to increase glutamate in the extracellular milieu (Ransom
and Sontheimer 1992). Moreover, when blood-brain barrier integrity is disrupted,
the knockout of endothelial cell receptor cyclin-dependent kinase 5 (cdkS)
downregulates the GLT1 through Cxcll chemokine leading to the further increase
of glutamate in the extracellular space that in turn causes excitotoxic damage in the
neurons (Liu et al. 2020). Consequently, epidermal growth factor receptor (EGFR)
expression is presented in reactive astrogliosis which is usually absent in the
non-reactive state of astrocytes. The histological condition of edema in glial scarring
is a consequence of the upregulation of expression of plasma membrane integral
protein, aquaporins, in the astrocytes that causes excess water outflow (Bramanti
et al. 2010). Another membrane protein, connexin, which is a gap junction protein
that physiologically connects astrocytes to other cells, can possibly be used for the
passage of death signals that can initiate necrosis in the reactive astrocyte. The
reactive astrogliosis upregulates various signaling pathways like cyclic adenosine
monophosphate (cAMP), PI-3 K/Akt, JAK/STAT, and -1 integrin-mediated sig-
naling that increases the release of Ca®" from the intracellular stores to cause
mitochondrial as well as metabolic distress (Philips and Rothstein 2014). This
dysfunction causes disorder and instability within the cell that ultimately forces the
cell to undergo programmed cell death.

5 Conclusion

Glial cells in recent years attracted due attention of the basic as well as clinical
neuroscientists on their roles in health and disease. Glial cells play several critical
roles that help neurons in their genesis and guidance to appropriate location in the
brain during development and in providing nourishment, maturation, and
synaptogenesis. Much of the functions of glial cells are directed toward supporting
neuronal functions and help them to function optimally. Recent discoveries of the
role of astrocytes in physiology and pathophysiology of neurological disorders have
further necessitated in-depth studies into their function in inflammation in both
non-infectious and infectious diseases. The versatile functions of astrocytes in
normal physiology justify their numbers as the most abundant cell type in the
brain. While it is well established that astrocytes are critical for neuronal function,
research efforts must be continued to understand the regulatory mechanisms that
may govern the functions of glial cells. It is also necessary to develop good model
systems of mixed brain culture of human origin and 3D cell culture models compris-
ing the correct proportion of astrocytes and neurons along with oligodendrocytes
and microglial cells, some of which have been achieved in brain organoids,
but refinements are required. Furthermore, the role of astrocytes in the
neuropathogenesis of emerging pathogens should be explored in detail for designing
better therapeutic management.
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Abstract

Oligodendrocytes (OLs) are the myelinating cells of the central nervous system
(CNS) and myelinate the axons facilitating and boosting the propagation and
speed of nerve conduction. In addition, the OLs also provide metabolic support to
neurons and enhance their viability, regulate ion and water homeostasis and play
a crucial role in learning and memory via white matter (WM) plasticity. Loss of
myelin/demyelination is common in many demyelinating and neurodegenerative
disorders. The myelin loss may occur either due to direct damage to myelin sheath
or indirectly by disruption or death of OLs due to autoimmune attack, injury,
stroke and toxic insult or genetic defects involving intrinsic abnormalities in the
production and maintenance of myelin. Loss of OLs usually triggers a regenera-
tive remyelination causing the differentiation of OPCs into myelinating OLs and
restoration of the myelin sheath. However, the regeneration is poor in many
demyelinating disorders. Thus, enhancing remyelination strategies is of human
health importance and is under active research.
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1 Oligodendrocytes

Oligodendrocytes (OLs), the myelinating cells of the CNS, are found in all
vertebrates and are fundamental to myelin formation during development and critical
for myelin regeneration following injury and demyelinating diseases. Myelin
provides an evolutionary advantage in vertebrates by increasing axial resistance of
the axonal surface in addition to reducing its capacitance (Castelfranco and Hartline
2015) and contributes to the emergence of complex and plastic behaviours (Tomassy
et al. 2016). Oligodendrocytes are generated from neuroepithelial cells (NEPs) of the
neural tube through a well-concerted process of migration, proliferation and differ-
entiation (Davis and Temple 1994; Rogister et al. 1999; Bradl and Lassmann 2010).
The fate specification of the NEPs to oligodendrocyte precursor cells (OPCs) is
specifically regulated by the gradients of sonic hedgehog protein during early
embryogenesis (Orentas et al. 1999; Cai et al. 2005). A number of transcription
factors and epigenetic regulators, microRNAs and intracellular signalling pathways
are known to drive the lineage progression of OLs (Emery and Lu 2015; Galloway
and Moore 2016; Gaesser and Fyffe-Maricich 2016). Recent advances suggest the
role of neuronal activity in the origin, proliferation and differentiation of OPCs and
myelin remodelling (Barres and Raff 1993; Hughes et al. 2018). In the developing
CNS, not all the OPCs that are generated get differentiated into mature myelinating
glia; some undergo apoptosis as they fail to contact an appropriate axon, while others
form a significant pool of adult OPCs (Tongatta and Miller 2016). OPCs represent as
highly proliferative and migratory bipolar cell population, evenly distributed in WM
and grey matter, although less abundant in grey matter (Dawson et al. 2003). In the
developing CNS, an appreciable number of WM OPCs differentiate into myelinating
OLs as compared to OPCs in the grey matter which persist as NG2* progenitors
(Dimou et al. 2008; Kang et al. 2010). The NG2* progenitors express chondroitin
sulphate proteoglycans, are highly dynamic and proliferative in adult CNS and
maintain their population by self-renewal, differentiation and self-repulsion
(Dimou et al. 2008; Kang et al. 2010; Hughes et al. 2013). The OPCs, which remain
undifferentiated, are stored as potential backup progenitor pool and comprise major-
ity of the proliferating cells in the adult CNS (Dawson et al. 2003). The proliferation
and survival of OPCs are mediated by platelet-derived growth factor-a (PDGF-a)
produced by astrocytes and neurons, via receptor for PDGF-o (PDGFR-«) expressed
by OPCs; thus, PDGFR-« act as the best characterized marker for them (Noble et al.
1988; Calver et al. 1998). OPCs lose their bipolarity, differentiate into pre-OLs by
expressing myelin-specific 2/-3'-cyclic-nucleotide 3’-phosphodiesterase (CNPase)
and the cell surface (04 and O1) markers (Sommer and Schachner 1981; Braun
et al. 1988) and start contacting the target axon to myelinate. Further differentiation
into the mature oligodendrocytes is associated with the production of myelin and
expression of myelin proteins, myelin basic protein (MBP), proteolipid protein
(PLP), myelin-associated glycoprotein (MAG), galactocerebroside (GalC) and
myelin-oligodendrocyte glycoprotein (MOG) (Kuhn et al. 2019). A number of
intracellular and extracellular signalling molecules are involved in maintaining the
balance between OPC proliferation and differentiation (Hughes et al. 2013).
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1.1 Myelination

Myelin is a multilamellar lipid structure that wraps around the axons, enables
efficient saltatory conduction of nerve impulses and reduces axonal energy con-
sumption (Huxley and Stampfli 1949). In addition to myelination and facilitating
propagation and speed of nerve conduction, OLs also provide metabolic support to
neurons to enhance their viability, regulate ion and water homeostasis and thus play
a crucial role in learning and memory via WM plasticity and activity-dependent
adaptive responses in myelin-forming cells that affect the formation of neural
circuitry (Funfschilling et al. 2012; Lee et al. 2012; Philips and Rothstein 2017;
Monje 2018; Stadelmann et al. 2019).

Pre-oligodendrocytes, the mitotically active OPCs, are the most prominent cell
population during 18-28 weeks of human gestation. These cells subsequently
become post-mitotic and switch to immature oligodendrocytes, start contacting
axons and initiate myelination during 28—40 weeks of gestation (Craig et al. 2003;
Dean et al. 2011). Thus, the gestation period between 23 and 32 weeks is considered
to be the critical period of oligodendroglial maturation because it is when the OLs are
highly vulnerable to infections, hypoxic-ischaemic injury and other insults (Hagberg
et al. 2002; Semple et al. 2013). WM is especially more susceptible than grey matter
in the pre-term and term infants and also in children, with infections and hypoxic-
ischaemic injury or both in conjunction as the most common cause of WM lesions
(Hagberg et al. 2002). The myelination in rodents occurs between postnatal days
(PND) 10 and 14 and peaks around PND20, when most of the mature OLs
expressing specific markers required for myelination and paranodal loop formation
are frequently seen (Wiggins et al. 1986; Cahoy et al. 2008). The myelination in
mice is completed in first two postnatal months, and the myelination of specific brain
areas well correlates with the development of the cognitive functions and clearly
depends on the brain area, time course of life, type of neurons, axonal diameter and
environmental milieu (Tomassy et al. 2016). Moreover, the myelinated axons also
differ in the number, distribution, internodal length and thickness of myelin sheath
that defines the precise conduction times and nervous system plasticity (Fields 2015;
Klingseisen and Lyons 2018). Development and differentiation of OPCs into
myelinating oligodendrocytes can occur independent of axons (Almeida and
Lyons 2016) as reported by in vitro studies where OLs can differentiate, mature
and efficiently extend processes independent of neurons, suggesting their default
potential for differentiation, and launch a programme of myelin gene expression
(Simons et al. 2000; Klingseisen and Lyons 2018).

Myelination during development occurs in a conserved and region-specific pat-
tern and follows a complex spatiotemporal sequence depending on the position of
the system in the functional hierarchy, initiated in areas dedicated to basic homeo-
stasis, progressing to areas involved in more complex tasks and finally in the areas
required for higher-order functions (Yakovlev and Lecours 1967; Brody et al. 1987,
Kinney et al. 1988). Moreover, the peripheral nervous system, brainstem and spinal
cord are myelinated earlier than the brain, generally advancing from inferior to
superior and caudal to rostral (Inder and Huppi 2000). Regions of the occipital
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lobe are myelinated first and then the temporal and followed by the frontal lobe
(Brody et al. 1987; Tasker 2006; Volpe 2000). More so, myelination is faster and
finished early in regions that are myelinated first. Early researchers believed that
myelination is complete by 3—5 years in humans along with many of the major tracts
well myelinated by early childhood (Dietrich et al. 1988; Nakagawa et al. 1998). But
more recently it has been reported that axons continue to be myelinated by the
second to third decades of the human life, contributing to a net linear increase in the
total WM volume by 12% between the ages of 4 and 22 years (Giedd et al. 1999).
Thus, the pattern of myelination in the nervous system is a complex process and
requires a continuous signalling between the axons and the OLs to select the axons
and part of axons that are to be myelinated. The factors mediating such signalling are
not well elucidated. In fact, the OLs in culture can myelinate paraformaldehyde-
fixed axons (Rosenberg et al. 2008) and even inert axon-shaped fibres (Mei et al.
2016). Moreover, the sheath-like structure covering the inert axon-shaped fibres
resembled that of compact myelin, but the inert fibres only with a diameter of 0.4 pm
and more were myelinated in vitro, similar to an in vitro observation (Remahl and
Hideberg 1982; Lee et al. 2012; Bechler et al. 2015). Using the inert axon-like fibre
model, Bechler and group (2015) further reported that when oligodendrocytes were
cultured on inert fibres of mixed diameter from 0.4 to 4.0 pm, the myelin sheath was
more and even longer around larger diameter fibres, again similar to an in vivo
observation made more than a century back by Donaldson and Hoke in 1905. These
studies suggested that the length of the myelin sheath may be regulated by the axon
and its diameter (Donaldson and Hoke 1905). However, the mechanisms by which
the axons differentiate into the fibres of varying diameters and regulate the myelin
length and thickness just by contact remain a matter of speculation. Moreover, the
dendrites are never myelinated, indicating that diameter alone may not be responsi-
ble for the selection of axons by oligodendrocytes for myelination. The complete
myelination requires electrically active neurons and healthy axons. It is now clear
that extrinsic signals are required for the precise selection of axons for myelination as
the oligodendrocytes show the bias only for axons, avoid inappropriate targets and
show preference for more active axons (Wake et al. 2015; Koudelka et al. 2016).
Once the internodal myelin sheath is formed, it grows both radially and longitudi-
nally to a specific thickness and length that provide specific conduction property to
the axon (Ford et al. 2015). The role of neuregulin-ErbB signalling is primarily
important for the myelination and identification of axon calibre in the peripheral
nervous system by Schwann cells (Birchmeier and Nave 2008), while its role is
insignificant in the CNS myelination (Brinkmann et al. 2008). Moreover, Schwann
cells are not able to myelinate the inert fibres (Bechler et al. 2015). Although the role
of electrical signalling, glutamate release and neuregulin signalling or interactions
with extracellular matrix molecules have been reported to modulate myelination in a
limited way (reviewed by Stadelmann et al. 2019), further research is required to
explore in more detail the factors that would correlate the signals with the axon
calibre to determine myelination.

Myelination is developmentally prolonged in humans than in non-human
primates. In chimpanzees, density of myelinated axons reaches to the maximum
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level by adolescence in most cortical areas. However, in the human cerebral cortex,
only a few numbers of axons are myelinated by birth; the myelination is slower
during childhood and extended beyond adolescence to early adulthood. Moreover,
the primary cortical areas are myelinated earlier than the association cortical areas
followed by the late maturing brain areas such as pre-frontal cortex in the last
(Yakovlev and Lecours 1967; Knickmeyer et al. 2010; Shaw et al. 2008; Miller
et al. 2012). Most of the association areas continue to be myelinated in the third
decade of life (Lebel et al. 2012; Williamson and Lyons 2018). The dynamic
maturation of association and projection pathways involved in maintaining cortical
and brainstem integration occurs during adolescence and is accompanied by the
maturation of critical cognitive functions (Asato et al. 2010; Kumar et al. 2013).
Thus, the gradual maturation of WM from childhood to early adulthood is fast and
dynamic with remarkable increase in fibre density and the myelination (Lebel et al.
2019). WM structure becomes more or less static by mid-adulthood and subse-
quently shows degenerative changes during the latter part of life (Lebel et al. 2012).

The development of an individual is associated with the maturation of WM
pathways that connect distant and proximal brain regions and are essential elements
of higher-order cognitive processing (Fields 2010; Buyanova and Arsalidau 2021).
About more than 50% of the adult brain volume represents WM and is crucial for
sensory (Chang et al. 2016), motor (Hollund et al. 2017) and higher-order executive
functions (Ohlhauser et al. 2018). Communication of neural signals is essentially
required for humans to move, think, feel and respond. WM consists of neuronal
fibres with varying degrees of myelination that allow the transfer of signals across
different brain regions at different rates. Moreover, most glia are generated during
either late embryogenesis or postnatal life, suggesting that development continues
beyond birth and even adolescence. With glia being the dynamic cells, the continued
active neuron-glia interactions actively chisel and remodel the nervous system
throughout life.

1.2 Structure and Composition of Myelin

Myelin is a large spade-like extension of the plasma membrane of the myelinating
glia that wraps around the axons to form a multi-layered stack visualized as a
periodic structure of alternating major dense and intraperiod lines at the tightly
apposed and compacted cytoplasmic and outer membrane surfaces, respectively,
resulting in the periodicity of ~12 nm (Aggarwal et al. 2011; Nave and Werner
2014). The compacted myelin is devoid of cytoplasmic components except at the
edges, where it forms a continuous network of clustered cytoplasmic channels and
forms complex axo-glial junctions between the terminal ends of the myelin sheath,
~4 pm long, called as paranodal loops and 10-15-pm-long inner tongue that runs
along the axon under the myelin sheath called as juxtaparanode (Hildebrand et al.
1993; Nave 2010; Stadelmann et al. 2019). In between the paranodes of the two
adjacent myelin sheaths is the nodal region which is covered by paranodal astrocytic
processes. The axon is usually constricted in the nodal region and is strikingly visible
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in larger fibres (Hildebrand 1971). The paranodal axon-glial junctions provide
electrical insulation by restricting current flow beneath the myelin sheath and help
to segregate the voltage-gated sodium channels at the nodes from the potassium
channels at the juxtaparanodes (Rasband et al. 2001).

Three integral myelin proteins, myelin basic protein (MBP), 2’-3'cyclic
nucleotide-3 phosphodiesterase (CNP) and proteolipid protein (PLP), play signifi-
cant roles in the myelin architecture. MBP is essential for the compaction of two
cytoplasmic interfaces of myelin lamellae and formation of major dense line (Wolf
et al. 2021). PLP, a transmembrane protein in CNS myelin, contributes to the tight
apposition of the extracellular surfaces to each other forming a double intraperiod
line and also mediates the closure of cytoplasmic channels (Snaidero and Simons
2014). CNP helps in maintaining the functional cytoplasmic-rich compartment in
myelin and mediates the interactions with the actin cytoskeleton to keep the channels
open (Snaidero et al. 2017). Other important CNS myelin proteins include myelin-
associated glycoprotein (MAG) involved in axo-myelin interactions; myelin oligo-
dendrocyte glycoprotein (MOG) located on the surface of the compacted myelin,
involved in adhesion and interactions between adjacent sheaths within axon fascicles
to provide structural integrity to myelin sheath; and myelin oligodendrocyte basic
protein (MOBP) located in the major dense lines, which play a role in the compac-
tion and stabilization of myelin (Montague et al. 2006; Pronker et al. 2016). Claudin-
11 is essential for the formation of radial component of CNS myelin, which is a
network of interlamellar tight junctions involved in mediating adhesion between
myelin membranes and potentiates the insulative properties of myelin (Devaux and
Gow 2008; Denninger et al. 2015).

About 70-75% of the dry weight of myelin is lipid, rich in saturated long-chain
fatty acids that affect membrane thickness and the packing density of lipids in the
myelin. Major myelin lipids are cholesterol, phospholipids, galactolipids and
plasmalogens in the ratio of 2:2:1:1, respectively (Norton and Poduslo 1973; Schmitt
et al. 2015). Cholesterol is an essential component of CNS myelin membranes and
accounts for about 80% of the total brain cholesterol (Dietschy 2009). In the brain,
cholesterol is not imported from the blood circulation; rather, it is synthesized by the
cells of the brain and switches from neurons during embryogenesis to
oligodendrocytes during postnatal life to astrocytes during adulthood (Morell and
Jurevics 1996; Saher et al. 2015). The bulk of the cholesterol incorporated into the
myelin is synthesized by oligodendrocytes. Thus, cholesterol is the only integral
myelin component, and its availability in oligodendrocytes is a rate-limiting factor
for brain maturation as shown in mutant mouse or zebrafish lacking enzymes
essential for cholesterol synthesis (Saher 2005, 2015). Saher and associates (2015)
also emphasized that cholesterol is involved in many aspects of myelin biogenesis
and an interference with cholesterol homeostasis in the brain would affect the
synthesis and maintenance of myelin. Myelination is also affected either directly
or indirectly in disorders that interfere with synthesis or intracellular trafficking of
cholesterol.

By using live in vivo imaging in zebrafish using electron microscopy, Snaidero
and his associates, in 2014, explained the mechanism of myelin layer wrap around
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the axons. They showed that the newly generated myelin layers settle by constant
coiling of the innermost tongue of the myelin sheath over the axon along with the
lateral spread of myelin along the axon. The dynamic changes in actin assembly
facilitate the development of myelinic channels in uncompacted myelin that help in
the transportation of metabolites from oligodendrocyte cytoplasm to the myelin and
also to the neurons (Zuchero et al. 2015; Snaidero et al. 2017). Compromised
metabolic support from oligodendrocytes to neurons causes the degeneration of
certain neuronal subpopulations and neurodegenerative disorders. This suggests
the importance of oligodendrocytes as metabolic supporters of neurons and neuronal
homeostasis (Philips and Rothstein 2017).

Recent research suggests that myelination occurs in two phases: (a) genetically
pre-defined intrinsic phase, occurring around birth to early childhood that proceeds
in a precise spatiotemporal order, and (b) adaptive myelination driven as per the need
of the neural network, which can be modified by experience leading to myelination
variability in different individuals (Fields 2008; Chang et al. 2016; Mount and
Monje 2017; Bechler et al. 2018). Adaptive myelination occurs more prominently
in brain areas involved in complex behaviour, where the continuous myelination
helps to fine-tune neuronal network function by synchronizing the firing pattern
(De Hoz and Simons 2015; Filley and Fields 2016) and shape the myelination as per
the requirement of the neuron and its network. Human MRI studies pointing to
experience-based changes in WM and ultra-microscopic analysis of changes in
myelin structure upon learning new tasks in animal models clearly indicate that
myelination is influenced by experience (Oztiirk et al. 2002; Bengtsson et al. 2005;
Steele et al. 2013; McKenzie et al. 2014; Xiao et al. 2016). Thus, myelin deposition
is a dynamic and plastic process showing adaptive changes in response to neuronal
activity (Chang et al. 2016; Xiao et al. 2016; Gibson et al. 2014; Fields 2015).
Neuregulin-ErbB signalling regulates the switch between intrinsic and adaptive
myelination (Lundgaard et al. 2013). The oligodendrocytes are intrinsically capable
of generating myelin, but the neuronal activity finally helps in adjusting the myelin
thickness, suggesting that the role of electrical activity helps in myelin remodelling
(Gibson et al. 2014). In addition, oligodendrocytes in different CNS regions have
intrinsic differences (Crawford et al. 2016; Dimou and Simons 2017) with spinal
cord oligodendrocytes forming longer sheath than cortical oligodendrocytes
(Bechler et al. 2015).

Astrocytes also participate in the process of myelination by secreting soluble
growth factors. Astrocyte-derived PDGF-o and leukaemia inhibitory factor (LIF)-
like proteins are essential for the survival and differentiation of OPCs (Noble et al.
1988; McKinnon et al. 2005; Gard et al. 1995). In addition, astrocytes also transport
lipids to oligodendrocytes for the generation of large myelin sheaths (Abrams 2017),
and failure to this leads to persistent myelin deficits (Camargo et al. 2017).
Astrocytes couple with oligodendrocytes through gap junctions formed by
connexins and also with nodes of Ranvier and thus provide metabolic support to
axons (Abrams 2017). Neonatal microglia promote myelination via insulin-like
growth factor (Wlodarczyk et al. 2017).
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Research information gathered during the last two decades suggests that in both
humans and mice, the myelination is an ongoing process and continues throughout
adult life either by generating new myelinating oligodendrocytes from their
precursors (OPCs) or by remodelling of prevailing myelin to renew growth long
after its initial formation for enhanced cell function (Young et al. 2013, 2014;
Snaidero et al. 2014; Jeffries et al. 2016). Substantial changes in WM have been
considered as a key regulatory factor for higher-order brain functions. This was well
demonstrated in a mice model of social isolation stress imposed during critical
period of postnatal development and myelination or beyond adulthood, which
resulted in defects in myelination and associated behaviour (Makinoden et al.
2012; Liu et al. 2012), while motor learning in animal models was seen to promote
the differentiation of adult OPCs and myelination (McKenzie et al. 2014). The
proliferation of OPCs/NG2" glia is also intensified in conditions of demyelination,
traumatic injury to CNS and chronic neurodegenerative diseases (Magnus et al.
2008; Kang et al. 2010). The WM volume also decreases gradually with normal
ageing (Sowell et al. 2003), and the frequent observations are changes in myelinated
nerve fibre morphology and degenerative changes in myelin sheaths (Peters 2002).
The ageing WM is extremely vulnerable to degeneration and loss of myelin. In
ageing humans, the loss of myelin integrity correlates well with the decline of
cognitive functions (Bastin et al. 2010). Although the WM degeneration is not
uniform throughout the CNS with the association tracts more susceptible to myelin
loss than the projection tracts, the myelin deficits in the corpus callosum are
commonly seen in all men and women at old age and might be a crucial factor for
age-associated impairment in cognition and working memory (Sullivan et al. 2001;
Kohama et al. 2012; Hedden et al. 2016). Other factors like nutritional deficiencies,
early life infections and stress have also been found to cause myelin deficits. In an
intra-generational protein deprivation rat model, we have also reported drastic
changes in oligodendrogenesis in terms of reduction in oligodendrocyte progenitor
pool, reduced expression of myelin genes leading to hypo-myelination, disorganized
myelin fibre alignments, reduced corpus callosum calibre and associated behavioural
deficits persisting through pre-adolescence to late adulthood (Patro et al. 2019).
Early life exposure to LPS-induced bacterial infection also results in demyelinating
changes during adulthood and senility by altering the expression of myelin proteins
resulting in motor coordination deficits (Singh et al. 2017).

Defects in Myelination and Neuropathologies

Developmental myelination and remyelination in adult CNS are high energy-
demanding tasks as the synthesis of myelin sheath requires vast quantities of lipids
and proteins (Baron and Hoekstra 2010). To meet this demand, oligodendrocytes
consume a large amount of metabolites, like glucose and lactate, which are supplied
from the diet or from the stored protein, fat and glycogen source, which needs to be
continuously refuelled. This high energy demand imposed on oligodendrocytes
makes them susceptible to oxidative stress, cytotoxic by-products and excitotoxic
factors leading to their altered functions (Juurlink et al. 1998; Matute et al. 1997,
2007). Oligodendrocyte pathology is clearly seen in many disorders like
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Alzheimer’s disease, multiple sclerosis (MS), schizophrenia, traumatic injuries and
ischaemia, some leukodystrophies or autoimmune attacks and demyelinating
disorders (Fancy et al. 2011; Traka et al. 2016; Torii et al. 2014; Duncan and
Radcliff 2016; McAleese et al. 2017). In addition, the ageing is also associated
with WM atrophy, gradual impairment in motor learning and reduced remyelination
ability (Sim et al. 2002; Ruckh et al. 2012).

Mpyelin has recently been reported to provide metabolic support to neurons crucial
for axonal integrity and neuronal activity, indicating its persistent role in neural
circuit formation and functions throughout life (Saab et al. 2016). This emphasizes
that disruption of myelin and myelin-forming oligodendrocytes in CNS may have
significant neurological manifestations and may lead to neurodevelopmental, neuro-
degenerative and neuropsychiatric pathologies, viz. leukodystrophies, schizophre-
nia, multiple sclerosis, amyotrophic lateral sclerosis and others (Compston and Coles
2008; Franklin et al. 2012; Pouwels et al. 2014; Jin et al. 2015; Miyata et al. 2015).
Multiple factors have been reported to variously affect the process of myelination,
notably its proportion and timing. Intra-generational protein malnutrition negatively
affects overall development of the brain, oligodendrocyte development and matura-
tion, impaired myelination and motor deficits at adolescence and later (Patro et al.
2019). Other nutritional deficiencies, viz. acquired or genetic B, or folate
deficiencies, also lead to delayed myelination or even white matter disturbances,
cortical insults and peripheral neuropathy (Prado and Dewey 2014; Kobayashi et al.
2016). Thyroid hormone is required for the terminal differentiation of OPCs into
myelinating cells, and thus hypothyroidism also leads to delayed myelination
(Barres et al. 1994; Lee and Petratos 2016). In addition, early life exposure to viral
(our data under publication) and bacterial infections also leads to demyelinating
lesions in the adult brain leading to poor motor coordination (Singh et al. 2017).

Myelin diseases are generally grouped into three types, demyelinating,
dysmyelinating and hypomyelinating disorders, caused by loss of myelin, abnormal
myelin production or compromised myelin production, respectively. In demyelinat-
ing disorders, the myelin loss may occur either due to direct damage to myelin sheath
or indirectly by disruption or death of OLs consequent upon inflammation or toxic
insults and also by axonal injury through Wallerian degeneration. The
dysmyelinated diseases primarily occur due to genetic defects involving intrinsic
abnormalities in the production and maintenance of myelin and appear early in life
during childhood or adolescence. In the hypomyelinating conditions, the axons are
either unmyelinated or myelinated with thin myelin sheaths, mainly due to the
genetic defects or epigenetic adversities. The myelin pathologies have also been
categorized into inherited and acquired based on their origin whether genetic,
inflammatory or toxic (Duncan and Radcliff 2016). Antibody-mediated diseases,
primary axonal pathologies and structural protein defects are preferentially
associated with myelin damage, while viral infection and genetic and metabolic
deficiencies negatively influence OL survival.
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Primary Demyelinating Diseases

Multiple Sclerosis

Multiple sclerosis (MS) is the most common and well-researched acquired demye-
linating human disease affecting CNS myelin. It affects individuals of all age groups
but most prevalent in young adults (Reich et al. 2018) and forms the foremost cause
of nontraumatic neurological disability in the young and middle-aged population.
The occurrence is 2.3 times more prevalent in females, and the susceptibility is
strongly related to the human leukocyte antigen (HLA) locus, and homozygosity at
the HLA-DRB1"15 gene locus increases the incidence to develop the disease
(Stadelmann et al. 2019). Moreover, the polymorphism in genes regulating both
the innate and adaptive immunity, regulatory and cytotoxic T-cell and microglia
functions present higher risk of disease (Sawcer et al. 2011).

MS is mediated by autoreactive immune cells, myelin-specific CD8" T cells,
targeting the myelin and the OLs, initiating myelin damage and axonal injury and
leading to sensory-motor and/or visual impairments (Noseworthy et al. 2000; Trapp
and Nave 2008; Filippi et al. 2018). Clinically, the disease may be classified into
relapsing-remitting MS, primary progressive MS and secondary progressive MS.
The hallmarks of MS are demyelinating lesions in the CNS, characterized by
immune cell infiltration across the blood-brain barrier (BBB), triggering an inflam-
matory response, myelin damage, activation of astrocytes and microglia and axonal
injury (Matveeva et al. 2018). With disease progression, more striking grey and
white matter lesions are seen with the persistent gliosis throughout the course of the
disease (Dendrou et al. 2015). Moreover, in the MS patients, the components of the
myelin sheath, like MBP, MOG and PLP, have been identified as autoantigens
mainly by the CD4" T cells (Androutsou et al. 2018).

Following focal demyelination, the consequences of the autoimmune attack are
progressive, leaving the axons exposed to toxic environment, inefficient and vulner-
able to degeneration, ultimately leading to axonal loss and neuronal death, a patho-
logical hallmark of MS (De Stefano et al. 1998; Bradl and Lassmann 2010; Duncan
and Radcliff 2016). Metabolic dysfunction is commonly associated with the patho-
genesis of MS along with impaired mitochondrial functioning, oxidative stress
resulting in axonal energy failure and subsequent neurodegeneration (Adiele and
Adiele 2017). Impaired energy metabolism also leads to oligodendrogliopathy by
either lack of blood supply to lesions or the production of toxic metabolites
(Lassmann 2003).

Remyelination is triggered during the early phase of the disease by the generation
of new mature OLs, which help in restoring the myelin to sheath the denervated
axons and recover the saltatory conduction, axonal integrity and functional deficits
(Kierstead and Blakemore 1999; Franklin and French-Constant 2008). Recently,
Duncan and associates (2018) have indicated that mature OLs can also help in
remyelination. However, in later progressive phase of MS, remyelination is not
sufficient to recondition the severe demyelination, leading to remyelination failure
and exacerbating to chronic relapsing progressive MS (Franklin 2002; Goldenberg
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2012; Gruchot 2019). There are two potential sources of myelinating OPCs that
participate in the remyelination of MS axons: the parenchymal OPCs and the
endogenous NSCs. Parenchymal OPCs are more sensitive to endogenous growth
factors produced by resident CNS cells than the mature OLs. The proliferation,
differentiation and maturation of the OPCs to mature OLs are strongly influenced by
the extracellular milieu and crucial to regain homeostasis and replace the lost OLs
(Duncan et al. 2021). But the absence of the appropriate signalling factors in the MS
environment inhibits the differentiation of OPCs to mature OLs and prevents
successful remyelination (Franklin 2002; Gruchot 2019). Moreover, poor clearance
and accumulation of the myelin debris at the MS lesion sites may also impair the
differentiation of oligodendroglial lineage cells (Kotter et al. 2006; Baer et al. 2009).

Multiple molecular pathways have been identified that block the differentiation of
OPCs into mature OLs. These pathways are potentially targeted to explore therapeu-
tic interventions to promote repair. Some of these pathways include the
dysregulation of Wnt pathway (Fancy et al. 2009), signalling through glycosamino-
glycan hyaluronan that accumulates at the site of MS lesions (Back et al. 2005;
Sloane et al. 2010) and axonally derived neuregulin (Vartanian et al. 1999) that
prevents the differentiation of OL precursors and contributes to the remyelination
failure. Chronic metabolic stress in MS lesions also contributes to remyelination
failure because of OPC dysfunction and dying back of the OL terminal processes
leading to the destabilization of myelin/axon interactions (Rone et al. 2016).
Together, these findings suggest that the impaired differentiation of OPCs is the
major cause of remyelination failure in MS, not the deficiency of OPCs (Kuhlmann
et al. 2008).

There are many diseases that are associated with MS and are listed under
demyelinating disorders: (a) neuromyelitis optica (Devic’s disease), a variant of
MS or a separate demyelinating disease which primarily attacks the optic nerve
and spinal cord; (b) Balo’s disease (concentric sclerosis), a rare demyelinating
disorder in which the CNS myelin is damaged; (c) Schilder’s disease (diffuse
sclerosis), an acute rapidly progressive, degenerative, demyelinating disease of the
CNS, seen in childhood; and (d) Marburg’s disease, a variant of MS, characterized as
acute, fatal, fulminant or malignant MS showing acute demyelination.

Several murine models mimicking MS have been developed, viz. (1) inflamma-
tion-dependent, experimental autoimmune encephalitis (EAE) and viral encephalo-
myelitis and (2) inflammation-independent, chemical and toxin-induced
demyelination using EtBr, lysolecithin, cuprizone, etc. These models have been
useful in replicating various clinical, immunological and microscopic aspects of
the human MS and helped to understand the role of immune components in CNS
myelination and repair as well as the complex nature of the CNS environment to
enable to develop novel therapeutic modalities (Miller et al. 2001; Bergmann et al.
2006; Mecha et al. 2013; Borjini et al. 2016).
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Secondary Demyelinating Diseases

Acute Disseminated Encephalomyelitis (ADEM)

ADEM is an acute inflammatory demyelinating disease of the CNS, caused mainly
due to the exposure of antigens through upper respiratory and gastrointestinal
infections or after immunizations (Scolding 2014). Clinicopathological features of
ADEM show multiple demyelinating lesions confined to the perivenular tissue in
specific brain regions, with minimal signs of progressive neurodegeneration that are
typical of MS, suggesting different pathogenic mechanisms of the two diseases. The
perivascular inflammatory infiltrate consists of T cells, foamy macrophages,
granulocytes and eosinophils (Hart and Earle 1975; Young et al. 2010).

Although the mechanism of ADEM pathogenesis is not clear, antibody reactivity
against myelin proteins has been found to be critical. Antigens such as MBP, PLP
and MOG are the targets of the reactive T cells, as was revealed from a study
reporting the presence of IgG antibodies reacting to various myelin proteins in the
CSF of patients (Cole et al. 2019). IgG antibodies against MOG are frequently found
in the serum of patients with inflammatory demyelination and paediatric ADEM
(Mader et al. 2011; Hoftberger and Lassmann 2017), and thus MOG detection serves
as a reliable diagnostic marker of these diseases. MOG antibodies initiate demyelin-
ation and cell death by activating the complement cascade and contribute to the
disease pathogenesis. Perivascular demyelinating lesions are usually surrounded by
macrophages containing residual myelin proteins and infiltrates of T and B cells,
granulocytes, plasma cells and activated astrocytes and microglia (Scolding 2014;
Popescu and Lucchinetti 2011). Axons are mainly spared, but finally show features
of injury during acute demyelination in ADEM, and the exudate from the wall of the
blood vessels leads to necrosis of the neighbouring tissue showing the conjoining
features of ADEM and acute haemorrhagic leukoencephalopathies (Hoftberger and
Lassmann 2017). Most patients respond to treatment and recover, but others survive
with mild to moderate neurological deficits (Cole et al. 2019).

Neuromyelitis Optica (NMO)/Neuromyelitis Optica Spectrum Disorder
(NMOSD)

NMO also known NMOSD or Devic’s syndrome is a severe inflammatory demye-
linating disease of unknown aetiology that predominantly affects the optic nerves
and spinal cord, causing blindness and motor paralysis (Lennon et al. 2004;
Weinshenker and Wingerchuk 2017). The disease is basically allocated to AQP4
serum antibodies (NMO-IgG) that target primarily the astrocytes, progressing to
oligodendrocyte and myelin damage as well as substantial axonal loss (Misu et al.
2007; Parratt and Prineas 2010; Wingerchuk et al. 2015). The disease pathogenesis
involves the potential of anti-AQP4 antibodies causing the local activation of the
complement system leading to astrocyte death and early loss of oligodendrocytes
and OPCs, subsequently leading to loss of myelin and formation of NMO typical
lesions, distinct from MS (Parratt and Prineas 2010; Wrzos et al. 2014; Tradtrantip
et al. 2017). The near-complete absence of astrocytes and oligodendrocytes in the
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NMO lesions fails to support the oligodendrocyte regeneration and myelin repair
(Parratt and Prineas 2010). Axons are preserved in early NMO lesions, but in the
chronic disease stage, axon loss and spinal cord atrophy are usually intense (Wrzos
et al. 2014; Herwerth et al. 2016).

Leukodystrophies

Demyelination Due to Mutations and Defects

in Oligodendrocyte- and Myelin-Related Genes

Genetic mutations in OL-specific genes, viz. the genes encoding structural myelin
proteins, enzymes involved in various metabolic pathways and proteins involved in
myelin development and maintenance, are associated with hypomyelination, dys—/
demyelination or myelin swelling (van der Knapp and Bugiani 2017).

The Pelizaeus-Merzbacher disease (PMD) and X-linked severe spastic paraple-
gia (SPG2) are inherited myelin disorders caused by mutation in PLPI gene that
encodes for the structural myelin membrane protein, PLP, and its alternatively
spliced form DM20. About 60-70% of the PMD patients show duplication of
PLP] gene, while the rest of the PMD cases reveal missense or point mutations,
insertions and deletions (Torii et al. 2014). As PLP is essentially required for the
apposition of the myelin sheaths, any defects in its expression may be deleterious for
the CNS functioning. PLP duplication generally causes classical PMD with patients
showing hypomyelination in the cerebral and cerebellar WM, while the grey matter
is comparatively preserved (Harding et al. 1995). Mature OLs are completely absent,
because of massive apoptosis due to the altered myelin membrane composition,
abnormal level and accumulation of PLP and associated lipids and toxic gain in
function in OLs (Simons et al. 2002; Karim et al. 2007; Sima et al. 2009; Torii et al.
2014). PLP null mutations also result in hypomyelination, but the myelin loss is
much less than the PLP duplication in PMD patients. Although the WM appears to
be well myelinated, axonal swelling and Wallerian degeneration are frequently
present (Garbern et al. 2002; Sima et al. 2009). This suggests that axonal survival
is crucially dependent on proper myelin function (Nave and Werner 2014). More-
over, several point mutations in PLP] gene have also been reported to cause
demyelination and oligodendrocyte loss ranging from mild to severe connatal
forms (Calloux et al. 2000; Hiibner et al. 2005).

The Pelizaeus-Merzbacher-like disease (PMLD) is a recessive inherited demye-
linating disease caused by mutations in GJC2 gene encoding the OL-specific
connexin, Cx47, involved in gap junctional communication for myelin development
and maintenance (Menichella et al. 2003; Abrams and Orthmann-Murphy 2013).
Demyelination in PMLD patients occurs due to the loss of function of gap junctional
communication in mature oligodendrocytes, oligodendrocyte apoptosis and defec-
tive myelin development and maintenance.

Mutations in genes related to lipid metabolism are also associated with many
leukodystrophies. Metachromatic leukodystrophy (MLD) is an autosomal recessive
leukodystrophy caused by mutation in ARSA gene encoding for the lysosomal
protein arylsulphatase A (ASA) or mutation in PSAP gene encoding prosaporin,
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an activator of ASA (Cesani et al. 2016). ASA plays a crucial role in the metabolism
of sulphatides, a major myelin lipid, and the defects in its metabolism lead to its
impaired degradation and intra-lysosomal accumulation in the nervous system and
other visceral organs (Eckhardt 2008). Lipid accumulation directly causes the
demyelination leading to the death of OLs accompanied by myelin destruction and
severe axonal damage (Kohlschiitter 2013). However, the pathophysiological
mechanisms linking the metabolic alterations and myelin abnormalities with axonal
dysfunction are still ambiguous.

Mutations in Microglial and Astrocytic Genes and Leukodystrophies
Microglia, the resident immune cells of the CNS, are now well documented to play a
role in myelin homeostasis and development as is clear from two hereditary diseases,
diffuse leukoencephalopathy with spheroids (HDLS) and the Nasu-Hakola disease
(NHD), caused by mutations in microglial genes. The affected genes [colony-
stimulating factor 1 receptor (CSF1R) in HDLS and TREM?2 and DAP12 in NHD]
involved in both the diseases are key regulators of microglial activation and
neuroinflammatory pathways (Rademakers et al. 2012; Paloneva et al. 2000,
2001). Clinically both the diseases present similar features with demyelination and
axonal loss in defined brain areas, axonal swellings and spheroids, myelin
vacuolization in demyelinating areas, widespread astrogliosis and tau-positive
neurites in the cortex (Baba et al. 2006; Paloneva et al. 2001; Robinson et al.
2015). The mechanism linking the microglial dysfunction and demyelination is not
clearly resolved. However, there are reports that suggest that demyelination might
arise as a consequence of primary neuroaxonal damage and microglial dysfunction,
impaired OPC homeostasis and reduced microglial number affecting myelin clear-
ance and persistent demyelination (Stadelamnn et al. 2019).

Research in the last decade has revealed a highly specialized role of astrocytes in
the physiology and pathology of the nervous system ranging from protective to
destructive role (Pekny et al. 2016). Although there is only scanty information about
the role of astrocytes in OL health and myelin development, maintenance and
pathology, the demyelinating disorders caused by the astrocyte-specific genes
clearly indicate the intercellular interactions between these two cell types. Mutation
in GFAP gene, encoding an intermediate filament protein expressed in astrocytes,
causes an autosomal dominant disorder, Alexander disease. GFAP overexpression
might be involved in the pathogenesis of Alexander disease through gain-of-toxic
function of GFAP and astrocyte dysfunction (Messing et al. 1998). The mechanism
linking the astrocyte dysfunction with demyelination might include (a) the increased
expression of CXCL10 in astrocytes that may directly affect OLs or exert immune
response triggering demyelination (Olabarria and Goldman 2017), (b) loss of gap
junctional communication and altered buffering capacity of astrocytes that may lead
to intramyelinic oedema (Sosunov et al. 2013) and (c) extracellular deposition of
hyaluronan, an astrocytic protein that deposits in extracellular space and might
inhibit OPC differentiation and maturation (Bugiani et al. 2013). More recent
research proposed that GFAP mutation defects may directly interfere in the cellular



Oligodendrocyte: Structure, Function and Pathology 59

development and OPC differentiation from neural progenitor cells expressing GFAP
(Gomez-Pinedo et al. 2017).

Vanishing white matter disease (VWM), which is one of the most prevalent
leukodystrophies with a central role of astrocytes in its pathogenesis, mainly affects
the CNS. The disease is inherited in an autosomal recessive manner and is
characterized by childhood onset chronic neurological deterioration, signified by
cerebellar ataxia. It is caused by mutation in any of the genes encoding the five
subunits of the eukaryotic translation initiation factor 2B (eIF2B; Bugiani et al.
2011, 2018). Defective maturation and dysfunction of astrocytes due to abnormal
composition of its cytoskeletal protein GFAP and an upregulation in the heat shock
protein aB-crystallin along with the co-existence of increased density of
pre-myelinating OL progenitors might be involved in the loss of WM in VWM
(Bugiani et al. 2011). In their later publication, Bugiani and his group (2018) stressed
that the astrocytes play a central role in the pathogenesis of VWM with the
secondary effects on oligodendrocytes and axons; thus, VWM may be grouped
with astrocytopathies in which the loss of essential function and gain of detrimental
function by astrocytes could be driving the WM degeneration and VWM pathogen-
esis (van der Knapp and Bugiani 2017).

Viral Encephalopathies

The most common human demyelinating diseases with viral aetiology include
progressive multifocal leukoencephalopathy (PML), acquired immunodeficiency
syndrome (AIDS) caused by human immunodeficiency virus (HIV) and subacute
sclerosing panencephalitis (SSPE). The common mechanism of demyelination in
most viral CNS infections involves OL damage/loss and the breakdown of the
cellular machinery required for myelin synthesis.

PML is the most studied fatal demyelinating disease caused by JC virus (JCV)
infection, a double-stranded DNA polyomavirus, commonly seen to affect the CNS
of individuals on immune-modulatory therapies (Major 2010). JCV induces demye-
lination by infection, followed by lysis of the OLs, which subsequently infects the
surrounding OLs and results in focal demyelination. The infected OLs contain
inclusion bodies with viral particles in the nuclei and show nuclear swelling and
loss of chromatin leading to their demise (Richardson 1961). The neurons and
astrocytes are also infected to some extent (Wollebo et al. 2015). The infected
astrocytes appear hypertrophied with irregular and lobulated nuclei and give bizarre
appearance, and their presence in areas without apparent demyelinating lesions
might be involved in viral propagation (Seth et al. 2004). Demyelination finally
results in axonal dysfunction leaving the axons susceptible to toxic products released
by the surrounding glial cells causing the retrograde loss of neuronal cell body.
Microglia and macrophages are not infected by JCV but are seen in the centre of the
demyelinating lesions (Ferenczy et al. 2012).

The patients with AIDS show tendency to develop multiple CNS infections with
high incidence to develop PML. The pathogenesis of HIV-associated encephalomy-
elitis may involve an immune-mediated “bystander effect” with myelin destruction
via cytokines released by activated monocytes and lymphocytes (Corral et al. 2004).
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In HIV-PML patients, massive necrotic demyelinating lesions are seen with the
infiltration of HIV-infected macrophages and microglia (Wiley et al. 1988). Persis-
tent viral infection caused by defective measles virus causes another progressive
neurological disorder known as SSPE, a progressive fatal demyelinating disease.
The virus destroys the host cells, including oligodendrocytes, and initiate inflamma-
tory responses resulting in demyelination.

Vascular (Hypoxia/lschaemia)

WM abnormalities in the elderly individuals usually result from ischaemia, second-
ary to the damage of the cerebral arteries. The degree of WM abnormality directly
correlates with the impaired motor and cognitive abilities. Other vascular WM
abnormalities include postanoxic encephalopathy developed after a severe anoxic
episode, reversible posterior leukoencephalopathy and Binswanger’s disease.

Metabolic/Nutritional

Alcoholism, malnutrition, disability and other debilitating conditions also lead to the
demyelination, commonly called as central pontine myelinolysis involving severe
damage to the myelin sheath of nerve cells in the pons. This condition is also known
to be associated with liver or kidney failure, diabetes mellitus, immunosuppressive
therapy and long-term usage of some other drugs. Demyelination is usually seen
without inflammatory response sparing the blood vessels, most neurons and axons.
Alcoholism and nutritional deficiencies are also known to cause sustained demye-
lination of the corpus callosum. Thiamine deficiency leads to severe memory
impairment and anterograde amnesia, a hallmark of the Wernicke encephalopathy.

Other Concerns for Demyelination

A variety of chemical substances are also known to damage myelin sheath or OLs or
both. Most of them are known as myelinotoxic or glia toxic chemicals and include
hexachlorophene (HCP), triethyltin (TET), lysolecithin, ethidium bromide, zymosan
and cuprizone. Most of them are used experimentally to create animal models, but
some of them are known to affect human beings through exposure (Duncan and
Radcliff 2016). There are other toxins and nutritional deficiencies that cause myelin
vacuolation disorders. Most of the toxin are used experimentally and include
cycloleucine, sodium cyanate, actinomycin D, isoniazid, 6-amino-recotinamide,
etc. In addition, myelin vacuolation is also noted in cases of vitamin B12 deficiency,
genetic deletion of Cx30 or Cx40, knockout of the enzyme UDP-galactose:ceramide
galactosyltransferase and duplication of laminin 1 gene in mouse.

Traumatic injury of the brain (TBI) or spinal cord can also lead to death of
oligodendrocytes and demyelination (Plemel et al. 2014; Mierzwa et al. 2015). In
both the cases, damage to the myelin may be caused by ischaemic effect on OLs
primarily due to excitotoxicity and glutamate elevation (Tsutsui and Stys 2013).
Radiation therapy commonly used to treat brain tumours can also cause demyelin-
ation by killing the OPCs (Panagiotakos et al. 2007). In addition, there are a variety
of other demyelinating diseases and WM disorders in which myelin is damaged and
are being increasingly identified because of the modern imaging techniques and the
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next-generation sequencing to identify the mutant gene; these are beyond the scope
of this chapter.

Remyelination Strategies

As detailed vide supra, the disruption of OLs or the myelin sheath following injury
and disease bears direct consequences on the function of neurons. In addition to
demyelination, long-term effects of OL death include axonal atrophy and neuronal
loss and form the major cause of many neurological disorders, including MS,
inherited leukodystrophies of the CNS and the neuropathies of peripheral nervous
system (PNS) (Nave 2010). Demyelination is a common factor in most of these
diseases, thus becoming a therapeutic target with enormous potential. However, the
endogenous myelin repair/remyelination will occur in a long time (Duncan et al.
2020). Moreover, in the remyelinated tissue, the myelin sheaths are shorter and
thinner with lower conduction amplitude than the developmental myelin sheath
(Gallo and Deneen 2014; Almeida 2018). Although the endogenous remyelination
does occur in both CNS and PNS, the process is much less impressive in CNS
(Franklin and French-Constant 2008). Moreover, remyelination being a time-
consuming process, acute demyelination can finally lead to cell death before the
remyelination happens. OPCs are the largest source of endogenous progenitors in
CNS. During remyelination, the OPCs become multipotent and proliferative,
migrate to the site of lesion, exit the cell cycle and differentiate into myelin
producing OLs (Silveira et al. 2021). Although the mature OLs in remyelination
have also been reported (Duncan et al. 2018; Macchi et al. 2020), their contribution
is still a matter of speculation and needs further clarification. Thus, OPCs provide the
majority of remyelination. Moreover, there are many barriers of endogenous
remyelination that limit the regeneration in the CNS. Thus, treatments and therapies
targeting OLs and remyelination may have widespread potential for application.
Most treatment strategies used are targeted to prevent progressive demyelination that
contributes to chronic disability, but a few can promote remyelination. Various
translational approaches have been devised using several animal species and models
for TBI/SCI and MS. These include (a) extrinsic and intrinsic factors that act as
either the inhibitors or stimulators of OPC differentiation (Gruchot et al. 2019);
(b) use of monoclonal antibodies targeted to enhance axonal regeneration and
suppress neuroinflammation and against the endogenous CNS myelin inhibitory
molecules; (c) a gene therapy RNA interference approach; and (d) cell replacement
strategies. However, the human trials are very limited with poor success rate so far.
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Abstracts

The central nervous system (CNS) is mainly comprised of neurons and glial cells,
namely, astrocytes, oligodendrocytes, and microglia. Astrocytes control meta-
bolic coupling and small molecule homeostasis among the neurons and other glial
cells. The metabolic coupling is mainly facilitated by gap junctions (GlJs),
consisted of connexin (Cx) proteins. Astrocytes are functionally connected
through oligodendroglial-astroglial cell-cell communication in the central ner-
vous system with all other neuroglial cells that provides metabolic support and
homeostasis to maintain CNS health. Glial cells, specifically the astrocytes and
oligodendrocytes, form several hemichannels and GJICs that help in ionic and
small molecule exchange (<1KD). In addition to that, several soluble factors and
signaling molecules are controlled by the functional GJICs. One of the major
functions of the astrocytic GJs is to maintain ionic homeostasis during neuronal
activity and propagation of action potential, where GJs provide a direct pathway
for electrical and metabolic signaling between CNS cells. In addition, GJs have a
pivotal role in maintaining myelin function and in its maintenance. In this chapter,
we discuss how astrocytes and other glial cells are connected through GJICs.
These GJICs control the formation and maintenance of myelin, which results in
the proper functioning of the central and peripheral nervous systems (CNS and
PNS). Specifically, the functions of individual GJPs are discussed with an
emphasis on astrocytic/astrocytic Cx43/Cx43 homotypic and astrocytic/
oligodendrocytic Cx43/Cx47 heterotypic channels having a major role in
myelination and its maintenance.
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1 Introduction

A unique adaptation of glia in vertebrates is the multilamellar myelin sheath
wrapping around the long axon formed by the deposition of proteolipid protein
(PLP) and myelin-associated glycoprotein (MAG) and myelin basic protein (MBP).
Myelin sheath is formed by the oligodendrocytes in the central nervous system
(CNS) and Schwann cells in the peripheral nervous system (PNS). Compaction of
myelin surrounding the axon is essential as it builds an insulating layer with regular
gaps between long axon segments termed as nodes of Ranvier which leads to
intimate cell-cell interactions in the nervous system. The compaction of myelin
depends on the abundant expression of unique lipid with integral myelin-limited
protein PLP and MAG. While PLP and MAG provide structural support within the
myelin membranes, MBP is important for creating scaffold for attachment to lipids
as well as to diverse membrane proteins including intercellular channel forming gap
junction (GJ) proteins, ionic channels, transporters, as well as cytoskeletal proteins
and signaling molecules. Signaling through myelination within the myelinating glial
cell and axon has been shown to play a crucial role for axonal integrity and survival.
Myelin abnormalities cause a number of neurological diseases with demyelinating
and dysmyelination neuropathies. These neuropathies are caused either due to
malformed and defective myelin sheath arise from hereditary mutations typically,
known as leukodystrophies or dysmyelination or chronic spontaneous loss of myelin
known as demyelination or due to genetic predisposition, certain infections, some
CNS/PNS autoimmune disorders and exposure to toxic chemicals. A large number
of demyelination and dysmyelination pathologies have been concomitant to alterna-
tion of oligodendroglial-astroglial cell-cell communication in the central nervous
system with adjacent glial cells, mainly astrocytes, connecting their cytoplasm to
other neuroglial cells. Astrocytes maintain the neuronal homeostasis and contribute
to metabolic coupling among neural cells, electrical coupling, and spatial buffering.
Metabolic coupling between neuroglial cells largely occurs through the panglial
homotypic and heterotypic gap junction channels (GJCs). GJCs allow the exchange
of ions and small metabolites up to 1 kDa. Alterations in GJC forming protein
connexins (Cxs) present in the myelinating cells and astrocytes may promote the
demyelinating and dysmyelinating diseases. Astrocytes, the major glial cell type in
the CNS, may be indirectly associated with the myelin protein formation
and myelination process mainly via GJIC-mediated small molecule signaling
required for oligodendrocyte differentiation and their metabolic activity . In this
chapter, we will discuss the evidence that supports a role for Cxs present in both
astrocytes and oligodendrocytes which takes part in the process of myelination,
dysmyelination, and demyelination. The paradigm shifts in our understanding of
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panglial heterocellular gap junction communication through Cx protein between
astrocytes and oligodendrocytes in the CNS might be important to elucidate the
mechanism of nervous system diseases and disorders and helpful to design potential
therapeutic interventions.

2 The Myelin Sheath

The myelin sheath is a proteolipid enwrapping around the neurons in CNS and PNS.
The myelin sheath helps in the salutatory conduction of action potentials between
neurons, forms an insulating layer around the neurons that help in metabolic
coupling, prevents ion leakage, and prevents axonal injury. The myelin sheath is
mainly consisted of lipids like glycosphingolipids (GalC), cholesterol, sulfatides and
proteins like PLP, its spliced isoform DM20, MAG, MBP in CNS. PNS myelin also
contains myelin protein zero (MPZ), peripheral myelin protein 2 (PMP2), peripheral
myelin protein 22 (PMP 22) and stathmin. Several genetic dysmyelinating diseases
and spontaneous demyelinating diseases have significant impact on the functioning
of the nervous system due to abnormal formation or degeneration of myelin sheath.
Genetic mutations in myelin proteins or myelin-/nervous system-associated cell
junction proteins can give rise to several dysmyelinating diseases, whereas demye-
linating diseases are mainly spontaneous and etiologically related to either autoim-
munity caused by myelin-reactive T-cells’ migration into the CNS or viral-induced
innate immune inflammation resulting in chronic progressive demyelination or
toxin-induced direct damage to the white matter myelin. Formation and maintenance
of myelin are tightly regulated by signaling between the glial cells and glial cells to
neurons or vice versa. For example, neuronal signaling-dependent leukemia inhibi-
tory factor (LIF) production by astrocytes helps in MOG synthesis by
oligodendrocytes. On the other hand, metabolic coupling between astrocytes and
astrocytes to oligodendrocytes via GJs and other signaling molecules help in the
maintenance of myelin proteins and neuronal health. Thus, in this chapter, we will
mainly discuss about the panglial (astrocyte-to-astrocyte or astrocyte-to-oligoden-
drocyte) communications in the perspective of maintaining myelin sheath structure
and function, which, in turn, maintain the neurons to confer proper functioning of the
nervous system.

3 Panglial Astro-Oligo Metabolic Coupling and Maintenance
of CNS Homeostasis

Astrocytes have been previously considered to be a group of non-excitable “glueing”
cells of the brain and are believed to mainly tether the functional neuronal cells
together. In mammalian brain, astrocytes are present most abundantly in numbers
and count to be at least equal to, or exceeding, those of the neurons. In the 1970s,
Stephen Kuffler proposed the role of glial cells, which initiated a novel field of
research on glial biology to investigate mechanisms of neuron-glia interactions
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Table 1 Panglial GJs and their heterotypic coupling partners

Gap junction protein Heterotypic coupling partner Localization

Cx43 Cx43 and Cx47 Gray and white matter
Cx30 Cx30 and Cx32 Mainly gray matter
Cx47 Cx43 Mainly white matter
Cx32 Cx32 and Cx30 Mainly gray matter

(Kuffler 1967). Decades later, it was found that astrocytes express a range of
neurotransmitter receptors and voltage-gated channels which initiated the idea that
astrocytes have a different function apart from tethering the neurons and helping
neuronal distribution and interactions. However, previously unrecognized and
surprising functions of astrocytes have been investigated only recently, showing
that astrocytes actively control CNS homeostasis and ionic buffering, form tripartite
synapse with neurons, help in adult neurogenesis, and alter the brain vascular tone.
Astrocytes are reported to modulate synaptic transmission by a plastic astrocyte-
neuron partnership, which is directly evidenced from imaging studies of the brain
slices. Recent studies show that astrocytes electrically not only communicate with
ion channels but also maintain ionic and nutrient homeostasis with the help of gap
junction (GJ) proteins. Astrocytes are majorly involved in the propagation of ICWs
and K+ shunting and maintain blood-brain barrier (BBB) permselectivity with the
help of GJs and soluble mediators. Astrocytic end-feet connect the blood capillary
endothelial cells (BCECs) and associated basement membrane in BBB to neurons
and other CNS resident glia. Astrocytic end-feet released soluble factors like IL-6,
interferon IFN-f, TNF-a, IL-1f, and GJ activity directly control BCEC-expressed
tight junction (TJ) proteins, which are the structural units of the BBB. Thus,
astrocytes communicate between CNS parenchyma and BBB, maintain the integrity
of BBB, and control homeostasis during neural network excitability (Khakh and
Sofroniew 2015). The localization of astrocytic and oligodendrocytic GJ channels
and their coupling partners are shown in C-4 Table 1 and represented as a diagram in
Fig. 1 (Table 1).

The neuronal action potential firing increases K+ concentration in the extracellu-
lar space. Following this, excessive K+ ions diffuse with the help of
oligodendrocytic inward rectifier K+ channels (Kir4.1) and Na+/K+ pump, and
this is associated with passive uptake of water through aquaporin 4 channels.
These Kir channels help in siphoning excessive K+ ions released during neuronal
activity, which is “anomalous” in comparison to the well-known outwardly
rectifying K+ current (Lu 2004; Neusch et al. 2001). The strongly negative resting
potential and relatively high permeability to K+ of the astrocytes help in the panglial
diffusion of K+ ions from extracellular space, where the concentration of K+ is
excessive after neuronal activity (Menichella et al. 2003). This way, K+ is
redistributed in the oligodendrocyte to astrocytic networks with the help of GIs.
The GJ proteins, connexins (Cxs), play a crucial role in this aspect. Oligodendrocytic
paranodal Cxs and Cx32/Cx32 channels present in compact myelin carry the excess
K+ to oligodendrocyte cell body, and finally it enters in astrocytes majorly via Cx43/
Cx47 channels or via few of Cx30/Cx32 channels and spreads away in panglial
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Fig. 1 GJ communication in panglial network. Astrocytes mainly express Cx43, Cx30, and Cx26,
but the expression of Cx26 has been debated. Cx43/Cx43 and Cx30/Cx30 form homotypic channels
between astrocytes. Oligodendrocytes express Cx47, Cx32, and Cx29. Cx47/Cx43 and Cx32/Cx30
form heterotypic GJCs between oligodendrocytes and astrocytes in both oligodendrocytic somata
and proximal processes. Astrocytic/oligodendrocytic Cx30/Cx32 channels are mainly localized
along myelinated fibers, whereas the Cx43/Cx47 channels are mainly observed around oligoden-
drocyte somata. Cx32/Cx32 GJCs are seen along large myelinated fibers in white matter. Cx29
forms homotypic channels mainly at the juxtaparanodes and adaxonal fibers (not shown). Neurons
mainly express Cx36, which forms homotypic channels between neurons. Cx43/Cx47 and Cx30/
Cx32 channels are important in dispersion of K+ ions from oligodendrocytes to astrocytes. The
direction of K+ ionic buffering has been demonstrated by arrow

network. These GJs also play a crucial role in supplying lactate to oligodendrocytes
and neurons, during deprivation of energy. Astrocytes can store glycogen, as
reserved energy source in CNS. The astrocytes have been shown to express small
molecule growth factors like neurotrophin-3 (NT-3) and brain-derived neurotrophic
factor (BDNF), which help in neuronal survival (Volterra and Meldolesi 2005).
Recent in vitro studies demonstrated astrocytes promote oligodendrocytic MOG
(a constituent of myelin) formation and the survival of oligodendrocytic precursor
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cells (OPCs) by leukemia inhibitory factor (LIF)- and platelet-derived growth factor
(PDGF)-dependent signaling (Kiray et al. 2016). Other astrocyte-derived molecules
like ciliary neurotrophic factor (CNTF), NT-3, and insulin-like growth factor-1
(IGF-I) also help in OPC survival and maturation (Nair et al. 2008).

Astrocytes also mediated the reuptake of glutamate (another major excitatory
neurotransmitter in CNS), which is further dispersed through the panglial network.
Quenching of the excess glutamate prevents excitotoxic injury of the neurons. Inside
the astrocytes, glutamate is metabolically converted to glutamine, which is further
shuttled back to presynaptic nerve terminals. Thus, the astrocytes not only remove
excessive neurotransmitters and ions from the extracellular space but also provide
metabolic support and supply molecular substrates important for neurotransmission.
This way, neurons are protected from excitatory damage, large depolarizations, and
metabolic deprivation, absence of which would critically damage the neuronal
survival (De Bock et al. 2013).

Distinct Ca2+ signals regulate different pathways like alter blood vessel diameter;
control the release of synaptogenic and trophic factors; regulate gene expression,
further modulating K+ and neurotransmitter uptake; and control neuronal synchro-
nization. Astrocytes promote neurovascular alterations via vasomodulators like
prostaglandins (vasodilation/vasoconstriction) and by sending rapid coordination
signals. Neuronal activity-dependent astrocytic intercellular calcium waves (ICWs)
were reported to induce vasodilation mediated by cyclooxygenase eicosanoids like
prostaglandin E or 20-hydroxyeicosatetraenoic acid release. Astrocytes are now
referred to as “excitable” cells because internal or external signals can activate the
astrocytes and result in “gliotransmission,” inducing a signaling cascade in the
neighboring cells. The neuronal signaling and “spillover” of various transmitters
and signaling mediators (e.g., acetylcholine, noradrenaline, glutamate, GABA,
dopamine, ATP, nitric oxide, and BDNF) induce neuron-dependent activity of
astrocytes, including neurotransmitter quenching, processing, and maintenance of
ionic and water equilibrium. The quenching of neurotransmitters induces
upregulation of intracellular Ca2+ in astrocytes. Gliotransmission also releases
different stimulators like neurotransmitters (glutamate, GABA, ATP, dopamine,
noradrenaline), TNF-a, and prostaglandin which work on neurons and other glial
cells in a stimulus-dependent manner. Astrocytes also control inhibitory synaptic
transmission (potentiation of the GABA-containing interneurons in the hippocampal
stratum radiatum and CA1 area), which takes place in response to repetitive firing of
interneurons. Astrocytes also mediate the stimulation of postsynaptic neuronal
excitability. The neurotransmitter like D-serine released by astrocytes acts on hippo-
campal CA1 pyramidal cell synapses, which, in turn, modulate NMDAR-dependent
long-term potentiation (Volterra and Meldolesi 2005). Astrocytes perform these
functions with the help of different modes of action like exocytosis, volume-
regulated anion channels, purinergic P2X receptors, and GJs.

In summary, astrocytes perform various cell biological functions like maintain
ionic (K+, Ca2+) homeostasis and release energy substrates (lactate), transmitter
precursors or transmitters, and growth factors. They also uptake several
neurotransmitters at the tripartite synapse. To provide nutrient support and ionic
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homeostatic control, astrocytes uptake water and glucose from BBB and secrete
vaso-active compounds like prostaglandin, arachidonic acid, and NO, which
controls the cerebral blood flow.

4 Glial Biology in Neurodegeneration and Demyelination

Gliotransmission and astrocyte-dependent signaling defects are affected in different
pathological conditions. For example, Ammon’s horn sclerosis is a type of epilepsy
that manifests neuronal death and reactive gliosis in hippocampal Ammon’s horn
area. In patients with Ammon’s horn sclerosis, glutamatergic receptor-dependent
astrocytic hyperexcitability is observed. The activation of microglia during patho-
logical condition is also associated with the clustering of astrocytes, and the resulting
inter-glial interaction leads to massive TNF-a release. This phenomenon, in associa-
tion with immune response, also amplifies astrocyte-mediated glutamate release and
exerts neurotoxic effect (Seifert et al. 2004). Healthy adult astrocytes protect amy-
loid-B (Ap)-mediated plaque formation. In Alzheimer’s disease, abnormal expres-
sion of the enzyme f-secretase by astrocytes and a defect in astrocytic Ap-degrading
properties promote astrocyte-mediated AP accumulation. Apolipoprotein
E-dependent signaling is predicted to be crucial for preventing accumulation of
Ap. In addition, reactive astrocytes near P-amyloid plaques exerted purinergic
receptor-mediated enhanced Ca2+ signaling (Koistinaho et al. 2004). In a subset
of familial cases of a fatal upper and lower motor neuron disease, amyotrophic lateral
sclerosis (ALS) is associated with point mutation of Cu/Zn superoxide dismutase
(SOD1). Interestingly, only if the enzyme is mutated in both neurons and astrocytes,
the motor neuron pathology appears, but point mutation only in neurons does not
cause pathological changes (Clement et al. 2003). HD patients show nuclear
inclusions of mutant huntingtin protein in striatal astrocytes, and significant
reductions in astrocytic functional proteins like glutamate transporter (GLT-1 or
EAAT?2) and potassium channel (Kir4.1) are observed. Gliomas, characterized by
malignant transformation of glial cells (mainly astrocytes), induce destruction of
surrounding tissues to gain space needed for the expansion of the tumor. Altered
astrocytic pathology releases excess glutamate, which is combined with depleted
glutamate reuptake causing neurotoxicity in this condition (Sontheimer 2003).
During the course of ischemia, trauma, or inflammation, astrocytes exhibit transcrip-
tional changes which has prominent gradient, which varies with distance from
lesions and with intensity of tissue injury (Giaume et al. 2010).

In different  pathological conditions showing dysmyelination,
leukoencephalopathy, and demyelination, astrocyte morphology and functional
properties alter. In human CNS demyelinating disease, MS, alteration of astrocytic
morphology is a major pathological hallmark, which is termed as “astrogliosis” or
“glial-scar formation” (Kuhlmann et al. 2008; Sofroniew and Vinters 2010). Around
the demyelinated MS plaques, astrocytes form highly filamentous processes with
increased expression of astrocytic markers (e.g., GFAP and vimentin), which is
called glial scar.
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The glial scar formation is beneficial for restricting the spread of tissue damage
during neuroinflammation, in restricting dispersion of toxic substances and apoptotic
signals in localized areas. In contrast, astrogliosis significantly alters metabolic
coupling in panglial network and prevents OPCs to enter and remyelinate. The
alteration of metabolic coupling in panglial network during neuroinflammation and
demyelination is the prime focus of this study.

5 The Biology of Gap Junctions

Cell-to-cell communication portrays a pivotal role in the survival of multicellular
organisms. Cells communicate directly or anchor to neighboring cells or to extracel-
lular matrix with the help of cell junctions. In vertebrates, mainly three types of cell
junctions are present, namely, adherens (or anchoring) junctions, tight junctions, and
gap junctions (GJs). The gap junction channels (GJCs) are important in all
vertebrates for maintaining cellular homeostasis as GJCs play a pivotal role in the
direct diffusion of ions, nutrients, and small molecules (<1kD), including inositol
1,4,5-triphosphate (IP3), cyclic nucleotides, and ATP between cells (Charles et al.
1991, 1992; Finkbeiner 1992; Saez et al. 1989).

Astrocytes express different water channels, ion channels, gap junctions (GJs),
and neurotransmitter receptors, which help the astrocytes to maintain metabolic
coupling that includes tissue homeostasis, ionic shuttling, and osmotic balance.
GJs are most important because they not only mediate direct diffusion of ions and
other small molecules but they also interact with a myriad of signaling proteins
which control cellular signaling in different conditions. GJs maintain a huge varia-
tion of expression, function, and signal transduction, depending on intra- or extra-
cellular stimuli.

GJs are made up of connexin (Cx) proteins. Each Cx protein has four transmem-
brane domains, two extracellular loops, one cytoplasmic loop, one N-terminal tail,
and one C-terminal domain. Six Cx proteins form a hexamer or connexon, which is
docked onto the cell membrane of a single cell and forms a hemichannel (HC). Upon
docking of another HC from an apposing cell, a transmembrane channel forms,
which is called gap junction channels (GJCs). GJCs assembled into higher-order
structures in the plasma membrane, which is called gap junction plaque (GJP). In
Fig. 2, we show a schematic diagram of Cx proteins and how they form GJICs on
cell membrane. The different types GJICs based on oligomerization (homomeric and
heteromeric) and opposing channel formation from neighboring cells (homotypic
and heterotypic) are shown there.

More than 20 different Cx types have been discovered to be present in humans.
All the Cxs are named based on their molecular weight, which is predicted from their
cDNA sequence. For example, the most widespread connexin species has a
predicted as well as biochemically determined molecular mass of 43 kDa and
therefore is designated Cx43. Another alternative nomenclature exists for the Cxs,
which is based upon genetic similarity and order of discovery (alpha, beta, gamma,
delta, and epsilon groups). The common 20 human Cxs are divided into two major
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Fig. 2 Different combinations of GJICs comprised of Cx proteins inside the cells. Cx proteins have
four transmembrane, two extracellular loops, and one N- and one C-terminal domain (Panel A). Six
Cx proteins form a GJ hemichannel on cell surface that can be open or closed depending on the
physiological state of the cell/cellular signaling. Two GJ hemichannels from opposing cells can
form a complete channel consisting 12 Cx monomers and are named as GJC or GJIC (Panel B). The
combination of 12 Cx proteins can vary depending on the type of oligomerization inside the same
cell (homomeric or heteromeric) and from juxtaposed cell (homotypic or heterotypic). The front,
top, and bottom views of these types of GJICs are represented in Panel C. Several GJICs, localized
in closed proximity at the cell surface, form GJ plaques (Panel D)

subgroups, a and P (according to their sequence aligned using ClustalW and
eliminating terminal domains), with an additional group of connexins having inter-
mediate sequence homology. According to this nomenclature, Cx43, which is an
a-connexin, is alternatively named as GJA1l. As individual GJICs are formed by
12 Cxs, multiple types of Cxs can produce mixed channels, given that the Cxs be
compatible for hetero-oligomerization. Hence, depending on the composition of
Cxs, GJs can be homomeric (composed of the same Cx isoforms, inside the same
cell) or heteromeric (composed of different Cx isoforms, inside the same cell) and
homotypic (composed of the same Cx protein from two apposing cells) or
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heterotypic (composed of different Cx protein from two apposing cells). This
heterogeneity of GJ formation by Cxs confers the variation of GJ function between
cell and cell, which has difference in signaling, gating properties, and permeability
of small molecules (Koval 2006).

Beyond GJICs, Cxs can also form unapposed hemichannels (HCs), which can be
present both as GJ precursors at the cell surface and as permanent non-junction
channels, which are never incorporated into GJs. Previously, it was thought that HCs
are unstable intermediate form at the cell surface and remain closed until they form a
GJIC because uncontrolled HC opening leads to leakage of essential small molecules
and substantial membrane depolarization, leading to cell dysfunction/death. Recent
studies show that HC opening is mediated by different molecular stimuli and HCs
itself are involved in different types of paracrine signaling (mediated by the release
of ATP, glutamate, glutathione, NAD+, and prostaglandins) (Wang et al. 2013;
Willebrords et al. 2016). HC opening is controlled by various cell signaling
molecules, interacting with the C-terminal domain of Cx. Astrocytic HC opening/
activation may lead to gliotransmitter release, which, in turn, propagates excitatory
as well as inhibitory signaling (De Bock et al. 2013). The importance of HCs is
currently being investigated thoroughly. GJs perform similar functions of small
molecule diffusion as well as participate in cellular signaling through their
C-terminal tail and mediate communication between two neighboring cells. The
direct diffusion of small molecules along GJs and HCs helps in the coordination of
synergistic cellular function in several types of organs and tissues. GJCs help in the
propagation of ICWs, metabolic and electric coupling in CNS glial cells and
cardiomyocytes, exchange of bone-modulating molecules, and synchronization of
the smooth muscle cell contraction (De Bock et al. 2013).

6 Properties of Gap Junctions: Synthesis, Oligomerization,
Trafficking, and Degradation

In different genetic as well as sporadic diseases, the synthesis, oligomerization,
trafficking, post-translational modification, or degradation of GJs is observed to be
altered. The mutation of CNS GJ proteins giving rise to dysmyelinating conditions
(discussed in detail in the next section) has functional alteration in one or more than
one such processes. Thus, these processes bear a pivotal importance in the normal
functioning of GJs.

Cxs are synthesized at the endoplasmic reticulum (ER) membrane in a process
involving signal recognition peptide (SRP) and internal signal sequence interaction,
docking of peptide/ribosome complex to translocon, and cotranslational integration
of Cx peptides in ER membrane. Functional transmembrane topology is obtained
during ER membrane integration. Previous studies show Cxs oligomerize in ER
membrane or ER Golgi intermediate complex (ERGIC) for p-Cxs like Cx32. In
contrast, a-Cxs like Cx43 are reported to be oligomerized later in the late Golgi
membrane (Kumar and Gilula 1996) or upon exit from the trans-Golgi network (Das
Sarma et al. 2001). Assembly and oligomerization is an obvious prerequisite for
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further Cx trafficking to the cell membrane. Upon cell membrane delivery, Cxs are
terminally phosphorylated and form clusters of GJPs.

The oligomerization process of Cx is believed to be more complex, as different
Cx isotypes do not assemble in random order, but interact selectively aiding
homomeric or heteromeric oligomerization of Cxs. For example, a-Cxs can only
form heteromeric Cx with another a-Cxs but not with any other Cxs belonging to
other subgroup. Experimentally it is seen that cotransfection with Cx32 (GJp1) and
Cx26 (GIP2) gives rise to heteromeric plaques colocalized at the cell surface, but
Cx43 (GJal) and Cx26 (GJP2) cannot make such plaques (Koval 2006). Thus, all
heteromeric channels are formed by two different Cx types, but these Cxs must
belong to same subgroup. To date, there is no report that Cxs from different
subgroup can form a heteromeric GJC and this phenomenon is named ‘“innate
heteromeric incompatibility.” The formation of heterotypic GJCs by a head-to-
head interaction of Cx hemichannels is not always limited by the different o or 8
subgroups to which the Cxs belong to. For example, Cx43 (GJal) is not compatible
to form heterotypic GJCs with Cx32 (GJP1), but Cx46 (GJa3) can form heterotypic
channels with both Cx43 (GJal) and Cx32 (GJB1). Few of the Cxs, like Cx36, are
known to only form homotypic channels. However, inter-group heteromeric
channels are less common (Bai and Wang 2014; Koval et al. 2014). The synthesis
and folding of Cx43 proteins inside ER, oligomerization in Golgi bodies, and
MT-dependent delivery are represented in Fig. 3, which also depicts the formation
of Cx43/Cx43 or Cx43/Cx47 channels between juxtaposed cells. Figure 4 shows the
typical Cx43 puncta in the cell surface of GFAP+ astrocytes and perikaryonic stain
of Cx47 in oligodendrocytes in the mouse brain.

Cx proteins may be post-translationally modified at different sites at C-terminal,
before and after delivery to the cell surface, of which the most important is phos-
phorylation. Phosphorylation takes place inside the vesicular carriers as well as at the
cell surface and creates docking sites for different cell signaling molecules. Phos-
phorylation events of Cxs are also essential for the proper control of the formation
and modulation of functional GJCs. It has been observed that at least nine types of
Cxs (Cx31, Cx32, Cx37, Cx40, Cx43, Cx45, Cx46, Cx50, and Cx56) are essentially
phosphorylated, while, in contrast, others, such as Cx26, remain
non-phosphorylated. As discussed, Cx phosphorylation is mediated by different
kinases such as Src, protein kinase C (PKC), and mitogen-activated protein kinases
(MAPKSs). Polyacrylamide gel electrophoresis (SDS-PAGE) demonstrates that Cx43
has different phosphorylated isoforms, including a faster migrating
non-phosphorylated form of Cx43 (P, or NP; 42 kDa), and primarily two slower
migrating isotypes, commonly termed P1 (approximately 44 kDa) and P2 (approxi-
mately 46 kDa) forms of Cx43. Upon treatment with alkaline phosphatase, both P1
and P2 isoforms co-migrate with Py isoform, suggesting that these Cx isoforms of
Cxs primarily arise from phosphorylation. Most of these covalent modifications, as
indicated by phosphoamino acid analysis, are shown to occur on serines, although
tyrosine phosphorylation of Cx43 is reported to be mediated by activated pp60src. A
fraction of monomeric Cx43, which is mainly found before TGN, is phosphorylated
and migrated at the Pl position. This phenomenon proves that transient
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Cx43 folding, assembly and trafficking Hemichannel
Astrocyte (Cx43)

'!.""‘-.

Astrocyte

ligodendrocytic
Cx47
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Cis, medial and trans Golgi MT-network

(trafficking Cx43 vesicles)

Nucleus and RER & Chaperones like Erp29 Oligodendrocyte

Fig. 3 Synthesis, oligomerization, and trafficking of Cx43 proteins that form Cx43/Cx43 or Cx43/
Cx47 channels on cell surface. In this schematic image, we represent the synthesis of Cx43 proteins
inside the ER (red, curved lines) and folded (red, ellipse) inside ER/ERGIC with the help of
chaperones (green). In the Golgi bodies, Cx43 proteins are oligomerized and then hexamerized
(in the TGN: red, hexamers) that is finally carried along the MTs (black lines) with the help of
vesicles (blue). Finally, the Cx43 containing vesicles fuse onto cell membrane to deliver GJs on cell
surface where they can form Cx43/Cx43 homomeric homotypic channels with neighboring
astrocytes or Cx43/Cx47 homomeric heterotypic channels with neighboring oligodendrocytes

phosphorylation may take place prior to Cx43 delivery to the cell surface; however,
it is not a prerequisite for Cx43 intracellular trafficking and delivery to the cell
surface. In addition, some non-phosphorylated moiety of Cx43 can also be found at
the cell membrane. The terminal phosphorylation of Cxs to their final
phosphorylated form (P2) is associated with their assembly in GJPs and confers
resistance to detergents like Triton X-100 solubilization. Taken together, HC and
GJC phosphorylation events are affected by several kinase pathways, which deter-
mine the stability, the degradation, as well as the gating and signaling mediated by
Cxs (Solan and Lampe 2005).

It is important that delivery and Cx stability in GJPs depend on its interacting
partners. Current studies elucidated the role of microtubules (MTs) on Cx43 delivery
to the cell surface. Time-lapse imaging revealed that Cx43 is delivered in vesicular
carriers traveling along MTs, which mediate the delivery of Cx43 from the Golgi
network to the plasma membrane. Subcellular fractionation studies and
immunolabeling followed by colocalization analyses demonstrated that Cxs traffic
through the Golgi compartment and the vesicular transport along microtubules
(MTs) deliver Cxs to cell surface. Upon reaching cell surface, Slatternly move,
dock, and fuse at the outer plaque regions to form a complete GJP. It is seen that a
number of small vesicles, containing Cxs, traffic toward the + end of MTs, which are
finally extended and fuse onto non-junctional plasma membrane in the cell periphery
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DAPI/ GFAP/ Cx43 _ DAPI/ Cx47/ PLP

Fig. 4 Astrocytic expression of Cx43 and oligodendrocytic expression of Cx47 in healthy mouse
CNS. In normal mouse brain, Cx43 punctate staining is observed around glial fibrillary acidic
protein (GFAP; astrocyte marker)+ astrocytes (arrow, Panel A, Cx43, red; GFAP, green), whereas
the PLP+ myelinated nerve fibers are surrounded by oligodendrocyte cell bodies having
perikaryonic (string-on-beads appearance) appearance of Cx47 (arrow, Panel B, Cx47, green;
PLP, red). Counterstain of DAPI shows the nuclei in both the images (blue). Insets demonstrate
more detailed visualization of cell-specific localization of Cxs

(Lauf et al. 2002). Similar MT-mediated Cx43 trafficking was observed in mouse
embryonic fibroblasts (MEFs). As GJs tether MT elements at the surface, deficiency
of Cx43 also induces loss of cellular directional movement and cell polarity, which is
associated with the disorganization of MT organization center (MTOC) and Golgi
apparatus. This study suggests the Cx43 B-tubulin binding domain is necessary for
normal directional arrangement and regulation of the MT network (Francis et al.
2011). A very thorough study performed by Shaw et al. (Shaw et al. 2007)
investigated the mechanism of Cx43 delivery to the cell surface. Among the MT
plus-end-tracking proteins (+TIPs), EBI1 is identified as a major player in GJ
formation. Dimeric EB1 has dual binding sites for many proteins, including p150
(glued), which is a component of the dynein/dynactin complex. The dynein/dynactin
complex, in turn, tethers MTs to N-cadherin-mediated adherens junctions (AJs). In
this manner, cortical capture of MTs by AJs allows the localized deposition of Cx43
HCs into the plasma membrane. In brief, Cx43 containing vesicular carriers are
associated with EB1, p150 (glued) of dynein/dynactin complex, and f-catenin,
which links MTs to the cell surface and mediates the focal delivery of Cx43 HCs
to the plasma membrane (Shaw et al. 2007). Catenins and cadherins are also
important for the stability of Cxs in GJ plaques. Cx43 directly interacts with MTs
at the cell surface. A 35-amino acid containing juxta membrane region in the Cx43
C-terminal tail with a tubulin binding motif is reported to be necessary and sufficient
for MT-binding (Giepmans et al. 2001). Cx43 anchors MT growing (+) ends to GJs
with the help of 234KGVKDRVKGK?243 sequence (in rats) on the Cx43 tail.
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7 Functional Importance of Astrocytic and Oligodendrocytic
Gap Junctions

Several cell biological studies help to elucidate the role of astrocyte/
oligodendrocytic GJ communication mediated by Cx43/Cx47 channels. These stud-
ies elaborate the role of Cx43/Cx47 channels for maintaining ionic and nutrient
buffering inside the CNS, which, in turn, controls oligodendrocyte morphology and
function. It was found that astrocytes slowly depolarize when the amphibian optic
nerves are stimulated by the upregulation of extracellular K+ concentration. Thus,
Orkland et al. (1966) proposed that GJs aid in the spatial buffering of K+ ions, which
are released during neural activity. This finding specifically indicated the involve-
ment of neurons to the previously proposed “spatial buffer theory,” proposing the
involvement of astrocytes only in a highly coupled network, but the involvement of
other glial cells or neurons was not considered. It was also found that GJs facilitate
siphoning of K+ in retinal astrocytes during neuronal activity, further helping in the
propagation of inter-astrocytic Ca2+ waves. This is important in glial-neuronal
signaling, by providing a pathway for lateral diffusion and cell-to-cell dispersion
of these ions (Zahs and Newman 1997). However, current evidence suggests that
oligodendrocytes are also connected to this astrocytic network, which might be
helpful to improve the K+ spatial buffering.

Astrocytes are permeable to K+ ions and are coupled to the neighboring
astrocytes, which enables the redistribution of extracellular K+. A part of the
potential mechanisms for K+ redistribution has been studied in the brain of mice
(Kofuji and Newman 2004), but the role of GJs was not elucidated. Later, a study by
Wallraff et al. (2006) showed the deletion of astrocytic Cx43 and Cx30 affected K+
buffering in the brain gray matter. These experiments demonstrated the role of
astrocytic GJs in accelerated K+ clearance, limiting K+ accumulation during
synchronized neuronal firing, but a mechanistic difference in gray and white matter
was not elaborated. Thus, K+ ions disbursed from myelinated axons are likely to be
accumulated in the periaxonal space, followed by its dispersion by entering axons
and enwrapping oligodendrocytic processes via Na + K + ATPases (Ransom et al.
2000) or possibly by diffusion through paranodal GJs. Once K+ enters the somatic
region of an oligodendrocyte, it may laterally diffuse via reflexive Cx32/Cx32 GJCs
and then enter astrocytes via astrocyte/oligodendrocyte channels mediated by Cx32/
Cx30 and Cx43/Cx47 GJ proteins (Orthmann-Murphy et al. 2007). Cx47-positive
puncta are aligned along proximal processes of oligodendrocytes in a “beads-on-a-
string” manner suggesting Cx47 is associated with myelinating fibers. Astrocyte/
oligodendrocyte GJCs composed of Cx43/Cx47 are primarily localized in the
oligodendrocyte somata and proximal processes, whereas astrocyte/oligodendrocyte
Cx30/Cx32 GJCs are mainly concentrated in the myelin lamellae and fewer in the
oligodendrocyte somata. Cx32/Cx30 and Cx47/Cx43 channels have distinct and
voltage-gating properties and small molecular dye permeability. Compared to the
Cx32/Cx30 channels, Cx47/Cx43 GJCs are more symmetrical in their permeability
properties. In the oligodendrocytic somatic regions, mainly Cx47/Cx43 are found,
and Cx32/Cx30 fewer channels are observed, which are primarily localized in the
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gray matter. Thus, they might be involved in a fast dispersal of K+ ions from
oligodendrocytes to astrocytic network in white matter. Hence, depletion of Cx47-
mediated channels cannot be replenished completely by Cx30/Cx32 channels, and
Cx32/Cx30 channels take part only in directional oligodendrocyte/astrocyte K+
buffering, restricted to gray matters.

Thus, Cx43/Cx47 channels are crucial for the redistribution of K+ from
oligodendrocytic somata to neighboring astrocytes. Upon loss of Cx43/Cx47
channels, distribution of glutamate and K+ is altered in the oligodendrocyte/astro-
cyte networks. This phenomenon leads to a local accumulation of toxic substances
and water, inducing swelling of astrocytes (edema), decreased extracellular space
volume, increase in K+ and glutamate concentration, and accumulation of neuro-
toxic substances, which is sensed by neurons. Reduced expression of Cx43 is
observed to increase glutamate transporter expression (Unger et al. 2012), but the
feedback mechanism and functional importance are not clear. However, upon
silencing of the Cx43 and Cx30 expression in the astrocytes, the clearance and
redistribution of K+ ion are partially maintained in the hippocampal area (Wallraff
et al. 2006). So other GJ-independent mechanisms might be operative, which
contribute to spatial buffering. In addition to altered ionic and small molecule
concentration, the disruption of CNS Cxs also induces BBB leakage and entry of
other circulating compounds in the brain parenchyma and causes the upregulation of
GFAP which is reflected in astrogliosis, swelling of the cells, and abnormal prolifer-
ation (David et al. 2009; De Bock et al. 2013).

Cx43/Cx47 channels are also shown to be important for nutrient homeostasis.
Rouach et al. (2008) showed that astrocytic GJs in the CNS mediate intercellular
trafficking of blood-derived glucose and its metabolites, which portrays an important
functional role in the releasing of lactate to the neurons. Thus, in the absence of GJ
coupling, entrapped intracellular carbohydrate and its metabolites might create an
osmotic gradient, and water could also follow the gradient to induce cellular edema
(Lutz et al. 2009). When extracellular glucose is depleted, astrocytic GJs mediate the
delivery of glucose or lactate to neighboring glial cells upon glutamatergic transmis-
sion. The glutamate, which is released due to spontaneous, evoked, or pathological
epileptiform activity, enhances the trafficking of glucose into the astroglial/panglial
networks. Also, lactate can diffuse through astrocytic Cx43- and Cx30-mediated
GJs, which can be used by neurons for providing energy to sustain their excitatory
synaptic transmission. Thus, the GJs directly help in astrocyte-mediated energetic
support to the distal neurons, which cannot receive glucose or its metabolites directly
from the blood vessels (Rouach et al. 2008). Cx43/Cx47 channels are also
hypothesized to be important for the delivery of such nutrients to oligodendrocytes
(Morrison et al. 2013). Currently, the molecular basis and importance of the forma-
tion of GJIC-mediated panglial syncytium are a prime choice of investigation among
the cell biologists.

Not only through Cx43/Cx47 channels, astrocytic GJs may also be involved in
other signal transduction pathways which have a crucial role in the maintenance of
oligodendrocyte health and retention of normal myelin. ATP is liberated from axons
that are firing action potentials. This ATP enters the astrocytes. Astrocytes, in turn,
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produce a cytokine leukemia inhibitory factor (LIF). LIF acts on the
oligodendrocytes, helping in the production of myelin oligodendrocyte glycoprotein
(MOG), and promotes myelination (Ishibashi et al. 2006). Astrocytic HCs as well as
GJICs play a crucial role in the propagation of ATP in normal or physiological
conditions (Willebrords et al. 2016). Hence, astrocytic communications beyond
Cx43/Cx47 channels may be crucial in the maintenance of myelin, through different
soluble mediators.

8 Conclusion
8.1 Gap Junctions as a Novel Target in Demyelinating Diseases

Recent efforts investigating the role of different CNS-specific GJ knockouts and
alteration of GJs associated with neuroinflammation and demyelination suggest that
the loss of Cx43/Cx47 functional channels seems to be crucial for the maintenance
of myelin and loss of Cx43/Cx47 channels provides a mechanism by which chronic
demyelinating plaques expand during SP-MS. All these studies provide enough
evidence that remodeling of panglial GJ network not only is closely associated
with pathological alterations seen in and around chronic MS lesions but also is
present in the normal-appearing white matter NAWM). The altered glial connectiv-
ity in NAWM is likely to cause environmental alterations, which might directly help
in axonal loss, demyelination, and spreading of MS lesions. Whether Cx32 and
Cx30 are also crucial and mechanistically important can be a prime choice for further
investigation. Whether restoration of the GJ coupling between astrocytes, astrocyte/
oligodendrocyte, and OPCs can be used to stop the progression of MS can be
debated. Recently, Cxs are seen as a therapeutic target in different diseases. For
example, malignant astrocytic gliomas or glioblastoma (astrocytoma grade IV),
which is among the most lethal intracranial tumors, shows loss of Cx43. The
HSVik results in bystander cell death of tumor cells in a Cx43-dependent manner
upon treatment with ganciclovir and has been implicated in glioblastoma treatment
(Asklund et al. 2003; Cirenei et al. 1998; Huang et al. 1999). Cx43 targeted with
a-Cx carboxyl-terminal peptide in a breast cancer model showed enhanced activity
of breast cancer-specific drugs like tamoxifen and lapatinib (Grek et al. 2015). In
contrast, inhibition/uncoupling of Cx43-mediated channels has been targeted as an
alternative approach to the drug-induced inhibition of cardiac sodium channels in
cardiac diseases (Burnham et al. 2014).

A number of dephosphorylating agents, phorbol esters, PKC inhibitors, and
eicosanoids, are already established as GJ uncoupling agents, but lack of
Cx-specific activity and more generalized effects exerted by these molecules limit
their application as targeted therapeutic agents. On the other hand, cAMP, forskolin,
and isoprenaline, antiarrhythmic drugs like tedisamil, eicosanoids like 11,12-
epoxyeicosatrienoic acid, phorbol ester like TPA, and 5-hydroxytryptamine hista-
mine are reported to enhance GJ activity (Salameh and Dhein 2005). Although most
of the studies are done on Cx43, these agents also lack the specificity on targeting a
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specific Cx. In addition, till date, no study has been performed on demyelinating
diseases specifically MS.

The demyelinating diseases show restriction of Cxs to the cell surface, and this is
seen in a viral model of MS. We are the first to report the mechanism of altered Cx43
trafficking and its retention in ER/ERGIC. It may be important to improve and
enhance Cx43 delivery to cell surface. ERp29 is reported to be an important
chaperone, which helps in the oligomerization and folding of Cx43 in the intracellu-
lar compartment and enhances Cx43 delivery to the cell surface (Das et al. 2009).
Cx43 also interacts with other chaperones like HSP-70 (Hatakeyama et al. 2013).
Sodium salt of an aromatic fatty acid, 4-phenylbutyrate (4-PBA), is reported to
increase the level of GJ-associated chaperones (Molina et al. 2015; Suaud et al.
2011). Hence, upregulation of GJ delivery to the cell surface may be a novel
therapeutic approach (currently being investigated in our laboratory), but tissue-
and cell-specific delivery and targeting a specific Cx remain as potent challenges.

Acknowledgments Supported in part by research grants (BT/PR14260/MED/30/437/2010 and
BT/PR4530/MED/30/715/2012) from the Department of Biotechnology, India; research grant
(RG3774A2/1) from the National Multiple Sclerosis Society (NMSS), USA; and the Indian
Institute of Science Education and Research-Kolkata (IISER-K), India, start-up fund to JDS. The
Council for Scientific and Industrial Research (CSIR), India, and Du Pré Grant from the Multiple
Sclerosis International Federation (MSIF) provided the research support to RB.

Competing Interests The authors declare that they have no competing interests.

References

Asklund T, Appelskog IB, Ammerpohl O, Langmoen IA, Dilber MS, Aints A, Ekstrom TJ,
Almgqvist PM (2003) Gap junction-mediated bystander effect in primary cultures of human
malignant gliomas with recombinant expression of the HSVtk gene. Exp Cell Res 284:185-195

Bai D, Wang AH (2014) Extracellular domains play different roles in gap junction formation and
docking compatibility. Biochem J 458:1-10

Burnham MP, Sharpe PM, Garner C, Hughes R, Pollard CE, Bowes J (2014) Investigation of
connexin 43 uncoupling and prolongation of the cardiac QRS complex in preclinical and
marketed drugs. Br J Pharmacol 171:4808-4819

Charles AC, Merrill JE, Dirksen ER, Sanderson MJ (1991) Intercellular signaling in glial cells:
calcium waves and oscillations in response to mechanical stimulation and glutamate. Neuron 6:
983-992

Charles AC, Naus CC, Zhu D, Kidder GM, Dirksen ER, Sanderson MJ (1992) Intercellular calcium
signaling via gap junctions in glioma cells. J Cell Biol 118:195-201

Cirenei N, Colombo BM, Mesnil M, Benedetti S, Yamasaki H, Finocchiaro G (1998) In vitro and
in vivo effects of retrovirus-mediated transfer of the connexin 43 gene in malignant gliomas:
consequences for HSVtk/GCV anticancer gene therapy. Gene Ther 5:1221-1226

Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boillee S, Rule M, McMahon AP,
Doucette W, Siwek D, Ferrante RJ et al (2003) Wild-type nonneuronal cells extend survival
of SOD1 mutant motor neurons in ALS mice. Science 302:113-117

Das S, Smith TD, Sarma JD, Ritzenthaler JD, Maza J, Kaplan BE, Cunningham LA, Suaud L,
Hubbard MJ, Rubenstein RC et al (2009) ERp29 restricts Connexin43 oligomerization in the
endoplasmic reticulum. Mol Biol Cell 20:2593-2604



92 R. Basu and J. D. Sarma

Das Sarma J, Meyer RA, Wang F, Abraham V, Lo CW, Koval M (2001) Multimeric connexin
interactions prior to the trans-Golgi network. J Cell Sci 114:4013-4024

David Y, Cacheaux LP, Ivens S, Lapilover E, Heinemann U, Kaufer D, Friedman A (2009)
Astrocytic dysfunction in epileptogenesis: consequence of altered potassium and glutamate
homeostasis ? J Neurosci 29:10588-10599

De Bock M, Kerrebrouck M, Wang N, Leybaert L (2013) Neurological manifestations of
oculodentodigital dysplasia: a Cx43 channelopathy of the central nervous system ? Front
Pharmacol 4:10-16

Finkbeiner S (1992) Calcium waves in astrocytes-filling in the gaps. Neuron 8:1101-1108

Francis R, Xu X, Park H, Wei CJ, Chang S, Chatterjee B, Lo C (2011) Connexin43 modulates cell
polarity and directional cell migration by regulating microtubule dynamics. PLoS One 6:¢26379

Giaume C, Koulakoff A, Roux L, Holcman D, Rouach N (2010) Astroglial networks: a step further
in neuroglial and gliovascular interactions. Nat Rev Neurosci 11:87-99

Giepmans BN, Verlaan I, Hengeveld T, Janssen H, Calafat J, Falk MM, Moolenaar WH (2001) Gap
junction protein connexin-43 interacts directly with microtubules. Curr Biol 11:1364-1368

Grek CL, Rhett JM, Bruce JS, Abt MA, Ghatnekar GS, Yeh ES (2015) Targeting connexin 43 with
alpha-connexin carboxyl-terminal (ACT1) peptide enhances the activity of the targeted
inhibitors, tamoxifen and lapatinib, in breast cancer: clinical implication for ACT1. BMC
Cancer 15:296

Hatakeyama T, Dai P, Harada Y, Hino H, Tsukahara F, Maru Y, Otsuji E, Takamatsu T (2013)
Connexin43 functions as a novel interacting partner of heat shock cognate protein 70. Sci Rep 3:
2719

Huang RP, Hossain MZ, Sehgal A, Boynton AL (1999) Reduced connexin 43 expression in high-
grade human brain glioma cells. J Surg Oncol 70:21-24

Ishibashi T, Dakin KA, Stevens B, Lee PR, Kozlov SV, Stewart CL, Fields RD (2006) Astrocytes
promote myelination in response to electrical impulses. Neuron 49:823-832

Khakh BS, Sofroniew MV (2015) Diversity of astrocyte functions and phenotypes in neural
circuits. Nat Neurosci 18:942-952

Kiray H, Lindsay SL, Hosseinzadeh S, Barnett SC (2016) The multifaceted role of astrocytes in
regulating myelination. Exp Neurol 283:541-549

Kofuji P, Newman EA (2004) Potassium buffering in the central nervous system. Neuroscience
129:1045-1056

Koistinaho M, Lin S, Wu X, Esterman M, Koger D, Hanson J, Higgs R, Liu F, Malkani S, Bales KR
et al (2004) Apolipoprotein E promotes astrocyte colocalization and degradation of deposited
amyloid-beta peptides. Nat Med 10:719-726

Koval M (2006) Pathways and control of connexin oligomerization. Trends Cell Biol 16:159-166

Koval M, Molina SA, Burt JM (2014) Mix and match: investigating heteromeric and heterotypic
gap junction channels in model systems and native tissues. FEBS Lett 588:1193-1204

Kuffler SW (1967) Neuroglial cells: physiological properties and a potassium mediated effect of
neuronal activity on the glial membrane potential. Proc Royal Soci Lond Ser Biol Sci 168:1-21

Kuhlmann T, Lassmann H, Bruck W (2008) Diagnosis of inflammatory demyelination in biopsy
specimens: a practical approach. Acta Neuropathol 115:275-287

Kumar NM, Gilula NB (1996) The gap junction communication channel. Cell 84:381-388

Lauf U, Giepmans BN, Lopez P, Braconnot S, Chen SC, Falk MM (2002) Dynamic trafficking and
delivery of connexons to the plasma membrane and accretion to gap junctions in living cells.
Proc Natl Acad Sci U S A 99:10446-10451

Lu Z (2004) Mechanism of rectification in inward-rectifier K+ channels. Annu Rev Physiol 66:103—
129

Lutz SE, Zhao Y, Gulinello M, Lee SC, Raine CS, Brosnan CF (2009) Deletion of astrocyte
connexins 43 and 30 leads to a dysmyelinating phenotype and hippocampal CA1 vacuolation. J
Neurosci 29:7743-7752

Menichella DM, Goodenough DA, Sirkowski E, Scherer SS, Paul DL (2003) Connexins are critical
for normal myelination in the CNS. J Neurosci Off J Soc Neurosci 23:5963-5973



Oligodendroglial-Astroglial Cell-Cell Communication in the Central Nervous. .. 93

Molina SA, Stauffer B, Moriarty HK, Kim AH, McCarty NA, Koval M (2015) Junctional
abnormalities in human airway epithelial cells expressing F508del CFTR. Am J Physiol Lung
Cell Mol Physiol 309:L475-1.487

Morrison BM, Lee Y, Rothstein JD (2013) Oligodendroglia: metabolic supporters of axons. Trends
Cell Biol 23:644-651

Nair A, Frederick TJ, Miller SD (2008) Astrocytes in multiple sclerosis: a product of their
environment. Cell Mol Life Sci 65:2702-2720

Neusch C, Rozengurt N, Jacobs RE, Lester HA, Kofuji P (2001) Kir4.1 potassium channel subunit
is crucial for oligodendrocyte development and in vivo myelination. J Neurosci 21:5429-5438

Orkand RK, Nicholls JG, Kuffler SW (1966) Effect of nerve impulses on the membrane potential of
glial cells in the central nervous system of amphibia. J Neurophysiol 29:788-806

Orthmann-Murphy JL, Freidin M, Fischer E, Scherer SS, Abrams CK (2007) Two distinct hetero-
typic channels mediate gap junction coupling between astrocyte and oligodendrocyte
connexins. J Neurosci 27:13949-13957

Ransom CB, Ransom BR, Sontheimer H (2000) Activity-dependent extracellular K+ accumulation
in rat optic nerve: the role of glial and axonal Na+ pumps. J Physiol 522(Pt 3):427-442

Rouach N, Koulakoff A, Abudara V, Willecke K, Giaume C (2008) Astroglial metabolic networks
sustain hippocampal synaptic transmission. Science 322:1551-1555

Saez JC, Connor JA, Spray DC, Bennett MV (1989) Hepatocyte gap junctions are permeable to the
second messenger, inositol 1,4,5-trisphosphate, and to calcium ions. Proc Natl Acad Sci U S A
86:2708-2712

Salameh A, Dhein S (2005) Pharmacology of gap junctions. New pharmacological targets for
treatment of arrhythmia, seizure and cancer? Biochim Biophys Acta 1719:36-58

Seifert G, Huttmann K, Schramm J, Steinhauser C (2004) Enhanced relative expression of gluta-
mate receptor 1 flip AMPA receptor subunits in hippocampal astrocytes of epilepsy patients
with Ammon's horn sclerosis. J Neurosci 24:1996-2003

Shaw RM, Fay AJ, Puthenveedu MA, von Zastrow M, Jan YN, Jan LY (2007) Microtubule plus-
end-tracking proteins target gap junctions directly from the cell interior to adherens junctions.
Cell 128:547-560

Sofroniew MV, Vinters HV (2010) Astrocytes: biology and pathology. Acta Neuropathol 119:7-35

Solan JL, Lampe PD (2005) Connexin phosphorylation as a regulatory event linked to gap junction
channel assembly. Biochim Biophys Acta 1711:154-163

Sontheimer H (2003) Malignant gliomas: perverting glutamate and ion homeostasis for selective
advantage. Trends Neurosci 26:543-549

Suaud L, Miller K, Alvey L, Yan W, Robay A, Kebler C, Kreindler JL, Guttentag S, Hubbard MJ,
Rubenstein RC (2011) ERp29 regulates DeltaF508 and wild-type cystic fibrosis transmembrane
conductance regulator (CFTR) trafficking to the plasma membrane in cystic fibrosis (CF) and
non-CF epithelial cells. J Biol Chem 286:21239-21253

Unger T, Bette S, Zhang J, Theis M, Engele J (2012) Connexin-deficiency affects expression levels
of glial glutamate transporters within the cerebrum. Neurosci Lett 506:12-16

Volterra A, Meldolesi J (2005) Astrocytes, from brain glue to communication elements: the
revolution continues. Nat Rev Neurosci 6:626-640

Wallraff A, Kohling R, Heinemann U, Theis M, Willecke K, Steinhauser C (2006) The impact of
astrocytic gap junctional coupling on potassium buffering in the hippocampus. J Neurosci Off J
Soc Neurosci 26:5438-5447

Wang N, De Bock M, Decrock E, Bol M, Gadicherla A, Vinken M, Rogiers V, Bukauskas FF,
Bultynck G, Leybaert L (2013) Paracrine signaling through plasma membrane hemichannels.
Biochim Biophys Acta 1828:35-50

Willebrords J, Crespo Yanguas S, Maes M, Decrock E, Wang N, Leybaert L, Kwak BR, Green CR,
Cogliati B, Vinken M (2016) Connexins and their channels in inflammation. Crit Rev Biochem
Mol Biol 51:413-439

Zahs KR, Newman EA (1997) Asymmetric gap junctional coupling between glial cells in the rat
retina. Glia 20:10-22



®

Check for
updates

Rahul Basu and Jayasri Das Sarma

Abstract

In the previous chapter, we discussed the physiological importance of gap
junction proteins, namely connexins (Cxs), and the importance of astrocytes
and oligodendrocytes, which form Gap Junction Intercellular Communication
(GJICs) to maintain nervous system homeostasis. In this chapter, we will discuss
the physiology of glial Gap Junction Intercellular Channels (GJICs) in health and
disease. Several genetic and acquired (infectious/autoimmune/unknown etio-
logic) conditions result in the alteration of Cxs and functionality of GJICs. This
chapter discusses the alteration of gap junction protein (GJPs) and its pathological
consequences in the altered panglial system. For example, several
neurodegenerating, demyelinating, and neuroinflammatory disorders exert the
alteration of astrocyte-mediated metabolic coupling.

Similarly, mutations of CNS Cx proteins induce neuroinflammation/demye-
lination and dysmyelination. The mutation of astrocytic Cx43 and
oligodendrocytic Cx47 specifically exerts loss of CNS dysmyelinating diseases.
Recent studies elucidate that Cx43/Cx47 metabolic alliance plays a crucial role in
myelination. This review mainly focuses on the role of Cxs in dysmyelinating and
demyelinating diseases. The loss of Cx43/Cx47 function during
neuroinflammatory demyelination and its disease models elucidate the potential
of targeting GJs for therapeutic purposes in the future.
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1 Gap Junctions in the Nervous System

GJs are present in several types of central nervous system (CNS) cells, which are
astrocytes, ependymocytes, brain fibroblasts, oligodendrocytes, and neurons.
Astrocytes are the primary cell type in CNS, which control CNS homeostasis and
ionic and nutrient buffering. GJs are most important in this perspective because they
not only mediate direct diffusion of ions and other small molecules but they also
interact with a myriad of signaling proteins which help in maintaining nutrient and
ionic homeostasis, normal cell biological function, and signal transduction,
depending on intra- or extracellular stimuli.

Astrocytes express a profuse amount of GJ proteins, which form GJIC not only
between the astrocytes but also between astrocytes and other glial cells. Astrocytes
express at least three connexins (Cx43, Cx30, and Cx26; however, the expression of
astrocytic Cx26 is debated) (Dermietzel et al. 1989; Kunzelmann et al. 1999; Nagy
et al. 2001) and show considerable CNS-specific regional variation in their expres-
sion (Nagy et al. 1999). Cx43 is the most prevalent astrocytic connexin both in vivo
and in vitro (Naus et al. 1997). The expression of Cx26 in astrocytes is controversial,
as deletion of both Cx43 and Cx30 in astrocytes abolished most inter-astrocytic
coupling in the mice, causing severe pathological conditions and significant disrup-
tion of homeostasis. Thus, Cx26 expression in astrocytes is predicted to be at
deficient levels and restricted to some regions of CNS only. In addition, astrocytes
expressing Cx26 have also been challenged because reporter gene lacZ expression
was not detected in the astrocytes under the Cx26 promoter in the murine system
(Filippov et al. 2003).

Astrocyte/astrocyte GJ couplings are highly sensitive to different environmental
stimuli and physiological conditions. Cx43-mediated channels primarily connect
astrocytes. Cx43 is also the most abundantly expressed Cx in the CNS (Giaume and
McCarthy 1996; lacobas et al. 2003). Cx43 is profusely expressed throughout the
myelinated white matter regions of the CNS. A high number of Cx43 molecules
form homotypic inter-astrocytic GJ. These GJs connect the brain parenchyma to the
brain capillaries and the ependymal layer of BBB through astrocytic end-feet,
forming a complete network. Another astrocytic GJ protein, Cx30, is mainly
observed in gray matter regions. Double-immunolabeling and GJ functional studies
show that astrocyte/astrocyte GJs are composed of Cx43/Cx43- and Cx30/Cx30-
mediated channels in the gray matter. However, expression of Cx30 in certain white
matter areas is observed, representing inter-astrocytic Cx30/Cx30 channels. Cx30-
mediated channels are also predicted to participate with oligodendrocytes in this
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region by heterotypic channels (Nagy et al. 1999; Rash et al. 2001; Rouach et al.
2002; Rozental et al. 2000).

Oligodendrocytes form GJs mainly with astrocytes and depend on them for the
maintenance of homeostasis and nutrient support. Hence, the astrocytes connect to
other astrocytes and other brain cells to form a GJ connected network named the
“panglial syncytium.” Oligodendrocytes mainly express three Cxs, namely Cx29,
Cx32, and Cx47. Cx29 usually does not appear in oligodendrocyte somatic regions
(cell bodies) and is shown to be incapable of forming functional GJICs with other
cells (Nagy et al. 2003). The Cx29/Cx29 channels form small intracellular plaques
along with oligodendrocytic processes, particularly myelin sheaths enwrapping
smaller axons, in the juxtaparanode (Altevogt et al. 2002). Cx29 HCs are also
observed in the internode, along with the small myelinated tracts present in gray
and white matter regions. Cx32/Cx32 homotypic channels are observed along the
large myelinated fibers of the white matter, in Schmidt-Lanterman incisures, and at
paranodes which are at the bordering site of the nodes of Ranvier (forming predomi-
nantly intracellular GJCs within the myelin sheath) in CNS, but it does not colocalize
with Cx29/Cx29 channels. Cx32/Cx32 channels are also present along the myelin
sheath in the peripheral nervous system (PNS).

In contrast, in gray matter, oligodendrocytic Cx32 forms heterotypic GJ channels
with astrocytes by Cx32/Cx30 channels, where it is additionally expressed mainly in
perikarya and proximal processes (Orthmann-Murphy et al. 2008). Distinctly differ-
ent distributions of Cx32 and Cx29 are also observed in the PNS throughout the
myelinating Schwann cells (Ahn et al. 2008; Altevogt et al. 2002; Li et al. 2002).
Cx32/Cx30 GICs are mainly found on the outer layer of the myelin sheaths and on
oligodendrocyte somatic regions in the preferentially gray matter. Still, they are also
observed in less number in the white matter regions. In white matter regions, Cx47/
Cx43 channels are primarily observed.

Myelinating Schwann cells in the PNS do not take part in forming GJICs with the
neighboring cells but rather form “reflexive” intracellular GJs connecting different
regions within the same cell (Menichella et al. 2003). These reflexive junctions,
present at the paranodal cell membranes and Schmidt-Lanterman incisures, help
retain cytoplasm and help in providing continuity between the perinuclear and
periaxonal cytoplasm in the PNS (Scherer et al. 1995). Both Cx29 and Cx32 are
important in the PNS.

As the inter-oligodendrocytic GJs appear to be concentrated at paranodes, and
oligodendrocytes are dependent on astrocytes for small molecule homeostasis, the
astrocyte/oligodendrocyte GJ coupling is more crucial near oligodendrocytic somata
and proximal processes. Cx43/Cx47-mediated channels mainly form the astrocyte/
oligodendrocyte GJs, and Cx43/Cx47 outnumbers Cx30/Cx32 channels at the oli-
godendrocyte cell bodies (Orthmann-Murphy et al. 2008; Wasseff and Scherer
2011). At the subcellular level, another a-Cx, Cx47 (GJA12), is prominent in
oligodendrocyte somata and proximal processes, in a “beads-on-a-string” fashion
as well as through the outer layer of the myelin sheath present in both the white and
gray matter of the CNS, and forms GJICs with the astrocytic processes. In mice,
Cx47 is only found in myelinating cells in the CNS but not in Schwann cells in PNS.
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Cx47, which is expressed entirely by oligodendrocytes (previously believed to be by
neurons) (Teubner et al. 2001), is mainly observed most abundantly but not exclu-
sively in cells of white matter region like the deep cerebellar white matter, corpus
callosum, spinal cord white matter, and optic nerve (Odermatt et al. 2003). Large
numbers of Cx47-positive cells are also seen in the anterior commissure, the optic
chiasm, and the striatum. This GJ network plays a crucial role in distributing the
excess K+ ions and glutamate during neuronal activity and putatively also provides a
lactate shuttle and mediates the propagation of ICWs.

The neurons mainly express Cx36, which forms GJICs between the neuron only
in the adult brain. Cx36 expression is mainly observed in hippocampal interneurons,
olivary nucleus, and cone photoreceptor cells. Neurons are also reported to express
Cx45 and Cx57, but the expression of these Cxs varies spatiotemporally and
depends on the type of neurons (Sohl et al. 2005). Brain fibroblasts express mainly
Cx43 and Cx26 in the leptomeningeal layer (Spray et al. 1991).

2 Gap Junction Protein Mutations in Health and Disease

In humans, mutation of Cx genes causes different diseases, and CNS pathology is
associated with some of them. The mutation in the human Cx43 gene (GJA 1), which
is located at human chromosome 6q22—-q23, is reported to cause oculodentodigital
dysplasia (ODDD). ODDD patients manifest craniofacial (ocular, nasal, and dental)
and limb abnormalities, spastic paraplegia, microcephaly, and neurodegeneration.
The disease is also characterized by malfunctioning of the cardiac tissue. As the
name suggests, the disease is also associated with abnormal primary and permanent
dentition, hypoplasia or aplasia of the middle phalanges, and ophthalmic
malformations including microphthalmia, cornea and iris abnormalities, and optic
atrophy. ODDD symptoms include neurologic disease phenotypes like demyelinat-
ing diseases (dysarthria, neurogenic bladder, ataxia, muscle weakness, spasticity)
and seizures (Loddenkemper et al. 2002). Mild mental retardation also occurs
infrequently. Brain magnetic resonance imaging (MRI) studies of ODDD patients
have demonstrated diffuse bilateral abnormalities in the subcortical cerebral white
matter regions, which defines a progressive leukodystrophy. Hence, functional Cx43
expression is crucial for CNS myelination. It is concluded that the complex combi-
natorial interactions exerted by Cx43 help in the maintenance of CNS myelin
(Paznekas et al. 2003).

The neurological phenotype in ODDD is linked to aberrant Cx43 channels.
Atrophy of the optic nerve results in the loss of visual function (a reduction in
normal sharp vision) or blindness, like the loss of visual acuity observed during
neuromyelitis optica (NMO). The physiology of Cx43 mutation is partially
reproduced in astrocyte-specific Cx43 knockout mice which exhibit retarded motor
performance (Frisch et al. 2003), like ODDD patients with symptoms of cerebellar
ataxia.

The previously described disease models elucidate the role of astrocyte/astrocyte
Cx43/Cx43 and astrocyte/oligodendrocyte Cx43/Cx47 GJCs in K+ buffering and
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nutrient homeostasis in CNS. Thus, the redistribution of ions and small molecules
might affect neurotransmitter uptake/release and maintain and maintain osmotic
balance, which affects the pathology in ODDD. It is also observed that the retention
of monomeric/oligomeric Cx43 protein can induce glial cell death through unfolded
protein response (UPR) or endoplasmic reticulum-associated protein degradation
(ERAD) (Roussel et al. 2013). The ER stress can lead to depletion of GJ expression
as well. The UPR and ER stress itself has been observed in different neurodegenera-
tive diseases (e.g., Huntington’s disease, HD; amyotrophic lateral sclerosis, ALS),
also observed in ODDD phenotype. It is important to note that in humans, one
dysfunctional allele of Cx43 may lead to a CNS phenotype observed in ODDD. In
contrast, homozygous astrocyte-specific Cx43 knockout mice exhibit no severe
alterations (Theis et al. 2003). Hence, specifically in humans, ODDD pathology
portrays a dominant-negative phenotypic effect of mutant Cx43. In humans, though
astrocyte/oligodendrocyte GJIC is also mediated through Cx30/Cx32 channels,
these GJICs do not appear to compensate for the loss of Cx43/Cx47 GICs, probably
due to differences in conductance, gating, and permeability of the two types of
heterotypic channels (De Bock et al. 2013).

In the demyelinating lesions of patients with Bald’s disease (a disorder
characterized by astrocytopathy and demyelination), a severe reduction of astrocytic
Cx43 is observed (Masaki et al. 2012). This finding adds to the hypothesis that
aberrant expression and function of astrocytic Cx43 are linked to aberrant axonal
myelination.

The Pelizaeus-Merzbacher disease (PMD) is characterized by nystagmus, ataxia,
abnormal motor functions, dysarthria, and progressive spasticity. PMD is caused by
Plp1 gene mutation. This gene encodes for proteolipid protein 1 (PLP1). PLP1 is one
of the significant components of CNS myelin and is also expressed in PNS myelin.
But not an only mutation of Plp1, but mutation of gap junction protein also causes a
similar disease phenotype.

Like PMD, the Pelizacus-Merzbacher-like disease (PMLD) is caused by mutation
of the GJAI2 gene, which encodes for Cx47, and oligodendrocytic GJ partner of
astrocytic Cx43. Both diseases show hypomyelination and leukodystrophy in the
CNS, which dramatically resembles the neuropathology of ODDD (Uhlenberg et al.
2004). However, a few key features like the slower progression of PMLD symptoms,
preservation of cognitive functions, and partial myelination of corticospinal tracts
diagnosed by MRI differentiate the pathological hallmarks of PMD and PMLD.
Overall, the mutations of PLP1 and Cx47 exert similar pathology, which is addi-
tional proof that these genes are involved similarly in regulating CNS myelin
function in humans. Similar to the ablation of Cx43 in the murine model, Cx47
knockout animals do not exhibit severe pathological features (Odermatt et al. 2003).

In contrast, the patients affected due to PMLD have missense mutations on one or
both alleles of the gene, resulting in the synthesis of mutant Cx47 protein, which
might have a dominant-negative effect on the entire GJ repertoire. The phenotype of
PMLD might depend on mutant gene dosage. Hence, the cellular mechanisms
exerted by the mutant Cx47 proteins may lead to hypomyelination leukodystrophy
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Table 1 Genetic disorders linked to dysmyelination and similar diseases

Etiology
Mutation of Cx43

Mutation of PLP1

Mutation of Cx47

Mutation of peripheral
myelin protein

22 (PMP 22)
Mutation of Cx32

Disease name

Oculodentodigital
dysplasia (ODDD)

Pelizaeus-
Merzbacher disease
(PMD)

Pelizacus-
Merzbacher-like
disease (PMLD-1)
Charcot-Marie-Tooth
disease (CMT)

Charcot-Marie-Tooth
disease type
1 (CMTX 1)

Pathology associated with CNS/PNS

Some of the cases exhibit optic atrophy,
dysfunction of CNS myelin, and progressive
leukodystrophy

Nystagmus, impaired motor development,
and leukodystrophy

Hypomyelination leukoencephalopathy

Motor and sensory neuropathies, peripheral
dysmyelination

Mainly peripheral demyelinating disorder,
with a few of them showing CNS
hypomyelination

in PMLD. Table 1 summarizes the CNS and PNS demyelinating/dysmyelinating
diseases we discussed primarily in this chapter.

Alteration of other Cxs is also linked to different human diseases. For example,
Cx46 and Cx50 mutations cause cataracts, and most of the Cx26, Cx30, and Cx31
mutants cause loss of auditory function or dominantly inherited hearing loss and skin
diseases like hidrotic ectodermal dysplasia. The missense mutations in Cx26 were
found to be associated with palmar and plantar keratoderma with sensorineural
deafness. Mutations in Cx31 and Cx30.3 can also cause erythrokeratodermia
variabilis (Orthmann-Murphy et al. 2007).

3 The Cx43/Cx47 Axis in CNS Myelination

The formation and maintenance of myelin about GJ function are an open field in cell
biology and neurobiological research. Cx32 (GJBI) is crucial for peripheral
myelination. Interestingly, the mutations in the gene Gjbl, encoding for Cx32
protein, cause a primarily peripheral demyelinating neuropathy named X-linked
Charcot-Marie-Tooth disease type 1 (CMTX1) (Bergoffen et al. 1993). Cx32-
mediated GJIC has been implicated in providing a pathway for the lateral diffusion
of molecules directly across the peripheral myelin sheath formed by Schwann cells.
More than 200 different Cx32 mutations have been found to cause CMTX1, but only
a few of these mutations are associated with rare CNS abnormalities (Kleopa and
Scherer 2002). The CNS manifestations in CMTX1 are only observed under meta-
bolic stress conditions and inflammation or over the later human lifespan. Hence,
CMTXI1 pathology is mainly restricted to PNS, indicating that astrocyte/oligoden-
drocyte Cx30/Cx32 coupling is not critical for human CNS myelination. It is also
noteworthy that in humans, Cx47 expression is present in both CNS and PNS,
whereas mice express Cx47 only in CNS oligodendrocytes, which contributes to
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GJCs within panglial networks. CNS pathological manifestations are observed in a
subpopulation of patients with CMTXI1. Importantly, these CNS pathologies are
transient or milder than that of PMLD phenotypes. Consistent with this, GjbI
knockout mice do not exhibit altered myelination in CNS neural tracts (Scherer
et al. 1998). Vice versa, mutations of Cx47, which exert a PMLD phenotype, are also
associated with a mild peripheral neuropathy (Uhlenberg et al. 2004). Several case
studies and experiments underline the concept that Cx43/Cx47 GJIC is critical for
human CNS myelination. Although, in mice, these channels appear to be partially
replenished by Cx30/Cx32 channels, in humans, Cx43/Cx47-mediated GJIC is
critically important for the formation and maintenance of CNS myelin. This might
be due to unique properties possessed by Cx43/Cx47 channels, compared to Cx30/
Cx32 channels, in terms of GJIC activity and localization. These observations raise
the question, whether the myelination processes are fundamentally different in CNS
and PNS in terms of the requirement for functional GJCs, requiring further
investigation.

4 Gap Junctions in Human CNS Demyelinating Disease
Multiple Sclerosis

As described in the previous sections, Cxs are crucial for human myelination.
Multiple sclerosis (MS) is a human CNS demyelinating disease characterized by
inflammatory foci in the CNS leading to demyelination, which is associated with
concurrent axonal loss and reactive astrogliosis. Although immunomodulatory
therapies may be partially successful in disease protection in the relapsing-remitting
phase, reducing the frequency and spread of demyelinated plaques, secondary
progression and concurrent neurodegeneration are current potential challenges to
the currently available therapies, mainly targeting the peripheral immune process.
Despite the oligodendrocyte precursor cells (OPCs) being recruited to the focal
lesions formed due to loss of myelin and myelin maintaining oligodendrocytes,
remyelination is often incomplete. Oligodendrocytic GJs are vital for the generation
and maintenance of CNS myelin, but their involvement in MS progression is
relatively unexplored. The alteration of GJs during MS and its role in disease
progression is another crucial focus of this review.

GJs are vital for CNS myelination, but how GJs are altered and their role in MS is
only recently being investigated. An important study performed by Markoullis et al.
(2012b) elucidates the alteration of GJs in MS brains, which is dissected into three
different types of white matter: normal appearing white matter (NAWM), chronic
active lesions, and inactive lesions. Beyond focal lesions, cell biological aspects of
the remodeled environment in the NAWM appear to be critical for mediating disease
progression, including specific pathological signatures like microglial activation,
axonal degeneration, and disruption of BBB. The identification of mechanisms,
which lead to expansion of chronic demyelinated plaques and axonal loss in both
MS lesions and NAWM, is primarily important for developing novel therapeutic
targets in SP-MS. The impact of altered homeostasis in neuroinflammatory condition
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as well as how alteration of GJ network contributes to the MS progression and
pathology remains mostly unexplored. However, recent research elucidates that the
maintenance of panglial network connectivity portrays a crucial role in restricting
MS pathology and promoting repair. The expression of astrocytic Cx43 is elevated
in active MS lesions, significantly diminished in inactive lesions and is not signifi-
cantly altered in NAWM (Markoullis et al. 2012b).

A study on MS patient samples demonstrated that increased Cx43 immunoreac-
tivity was more profound around activated astrocytes. Double immunostaining for
GFAP and Cx43 showed intensely GFAP-expressing cells also express profuse
amounts of Cx43 immunoreactivity within lesions, indicating that astrogliosis in
lesions led to higher Cx43 expression. In contrast, oligodendrocytic Cx47 mRNA
levels remained significantly depleted both in lesions and in NAWM. Immunofluo-
rescence studies and GJ plaque counts showed that Cx47 was non-significantly
increased in MS NAWM compared to normal healthy brains but counts of Cx47
plaques progressively reduced toward the lesions. In addition, Western blot studies
demonstrated a non-significant upregulation of Cx47 in MS NAWM and a signifi-
cant depletion of Cx47 in MS lesions. This non-significant increase in Cx47 was
associated with OPC activity. The upregulation of Cx43 protein levels, may alter in
GJ plaque counts, GJCs formation, and HC formation, as a consequence of glial scar
formation which causes pathological alteration of astrocytes. The upregulation of
Cx43 was also associated with upregulation of CD11b, a microglia/macrophage
marker, expressed in high amounts around the demyelinated plaques (Markoullis
et al. 2012b).

It was seen that OPCs are recruited to chronic MS lesions (Reynolds et al. 2002).
In this case, OPC numbers increased in MS NAWM compared to a normal person’s
white matter, but fewer mature oligodendrocytes (Olig2-negative) were present. In
the NAWM, these OPCs were observed to express Cx47, while in normal white
matter, OPCs do not express Cx47 in general. Furthermore, Cx43 staining was
mainly concentrated between the activated astrocytes, but Cx47 and Cx43 GJ
colocalization was reduced. Although it was previously believed that OPCs do not
participate in GJ communication, only mature oligodendrocytes have detectable GJ
connectivity. Recently, it has been shown that OPCs might be functionally coupled
to white matter oligodendrocytes.

Furthermore, partial loss of the OPCs has been observed due to the conditional
deletion of astrocytic Cx43 (Maglione et al. 2010). Thus, Cx43 expression is
important for OPC proliferation and differentiation, and OPCs may be connected
to panglial network by GJ communication. The ability of Cx43 to confer adequate
GJ connectivity might affect functional oligodendrocyte maturation in demyelinated
areas and promotion of remyelination in MS. Whether this phenomenon influences
disease progression remains to be evaluated.

Double immunofluorescence for OPCs/mature oligodendrocytes and Cx47
revealed that, in MS NAWM, OPCs demonstrated increment in Cx47-positive
puncta, but fewer and smaller GJ plaques were observed in mature oligodendrocytes.
The elevated Cx47 expression in OPCs was associated with increased numbers of
these cells recruited to repair MS lesions. In contrast, non-MS white matter OPCs
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were mostly not expressing Cx47. Coimmunostaining of an OPC marker and
astrocytic Cx43 showed that OPCs were surrounded by less number of Cx43 GJ
plaques. GJs were reduced along myelinated fibers of matured oligodendrocytes.
Interestingly, as a part of myelin repair, recruited OPCs upregulate GJ expression,
which appears to establish metabolic connectivity to the surrounding astrocytes. Due
to astrogliosis and pathological alterations in astrocyte phenotype, Cx43/Cx47-
mediated GJ coupling became partially re-established. Thus, OPC connectivity to
astrocytes is predicted to be limited in NAWM of MS patients. As Cx47 is primarily
localized in oligodendrocytic somata and proximal processes, the loss of
oligodendrocytic Cx47 was predicted to be directly associated with demyelination
and loss of oligodendrocytes. Another oligodendrocytic GJ, Cx32, mainly located in
oligodendrocytic somata in gray matter, establishes GJ communication with
oligodendrocytes. Cx32 present along large, myelinated fibers in white matter was
reduced in and around MS lesions as well as in the NAWM. Loss of Cx32 GJs in the
myelin sheath may be a contributing factor, which impairs panglial signaling and
disrupts the radial spread of ICWs, and second messengers impair ionic homeostasis
and deplete glucose/metabolite delivery. As only the oligodendrocytes but not OPCs
express Cx32, a significant loss of oligodendrocytic Cx32 is observed in NAWM, in
contrast to Cx47.

The contrasting patterns between Cx47 (which reduces more toward the plaques)
and Cx43 (which increases more toward the plaques) expression in MS-affected
brains and reduced colocalization between the two Cxs lead to hypothesize that the
disruption of Cx43/Cx47-mediated astrocyte/oligodendrocytic GJ coupling may
play a critical role by which demyelinated lesions slowly expand during SP-MS.
This is mainly caused by dysfunction of the panglial GJ network and withdrawal of
homeostatic and metabolic support to the oligodendrocytes. This initial Cx43 loss
was predicted to disrupting most astrocyte/oligodendrocyte GJ connections. Cx47
was reported to be stabilized by Cx43 in vivo. Hence, during chronic demyelination
and astrogliosis, Cx43 was replenished back to its normal level, but the loss of Cx47
did not recover. Notably, the myelin marker PLP expression in mRNA level in the
NAWM was similar, but PLP expression was found to be significantly diminished in
the inactive lesions. Inactive MS lesions PLP was reduced, but the extent of
reduction was comparatively less prominent. Earlier studies showed that OPCs
rarely express GJs and only mature O10+ oligodendrocytes take part in the GJ
network in the panglial system. However, this concept is changed significantly by
current research. During MS, the OPCs that express Cx47 continue during their
differentiation to establish communication with the glial syncytium. This might be
an essential factor in OPC maturation and their ability to remyelinate.

In contrast, loss of GJ connectivity in mature oligodendrocytes appears to be a
contributing factor to the expansion of focal lesions. Thus, whether the ability of
OPCs to establish GJ communication to the panglial network affects the process of
remyelination and influences disease progression warrants further investigation
(Markoullis et al. 2012b).
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5 Remodeling of Gap Junction Proteins in Experimental
Animal Models of Multiple Sclerosis

The interaction between the immune system (both innate and adaptive) and the CNS
makes the mechanistic understanding of MS complex. MS, a disease whose etiology
is yet fully understanding, requires developing animal models to address its patho-
genesis. Several animal models of demyelination are now used to unravel the key
mechanism of MS, including immune-mediated, toxic, viral, and genetic
pathogenesis.

An autoimmune model, experimental autoimmune encephalomyelitis (EAE), is
the most widely used model in MS research. EAE models have been used to
understand the role of GJ communication during MS. In EAE, upregulation of
astrocytic Cx43 and loss of oligodendrocyte GJs are observed in chronic EAE stages
(Roscoe et al. 2007). An initial study showed the downregulation of Cx43 in the
acutely inflamed spinal cord in EAE, propagated by adoptive transfer of T cells,
whereas the consequences on oligodendrocyte Cxs remained unknown. This study
showed spinal cord white matter was massively infiltrated with CD11b-positive
macrophages. Cx43 immunoreactivity was depleted in macrophage-infiltrated
areas. Astrocytes were strongly GFAP-positive in these Cx43-depleted lesions.
Notably, swelling of astrocytes was observed to precede macrophage infiltration in
the CNS. Spinal cord tissues, harvested at the peak of the acute phase of the disease,
showed significantly reduced Cx43 RNA expression. Immunohistochemical data
supported the decrease in Cx43 in distinct regions of the white matter, although the
exact mechanism was not explained. The authors hypothesized that the membrane-
associated factors and soluble immune molecules like IL-1f likely mediated the
decrease in astrocytic Cx43. The inflamed regions showed diminished Cx43 expres-
sion, which was not compensated by the expression of Cx30. So, in the acute phase,
loss of major astrocytic Cxs was predicted to minimize the spread of damage
mediated by bystander effect. Still, it was also hypothesized as a significant
contributing factor in the inflammation-associated disruption of homeostasis
(Brand-Schieber et al. 2005).

In later studies, the reduction of Cx43 observed in acute EAE was hypothesized to
induce the disruption of astrocyte/oligodendrocyte GJ coupling, which was
sustained till the chronic stage of the disease. In acute EAE, Cx43 GJ plaques
were dramatically depleted within and around the inflamed region of the white
matter, where GFAP-stained astrocytic processes were observed, but they were
devoid of Cx43. Cx43 immunoreactivity increased within lesions above normal
levels during the chronic relapsing phase and colocalized with dense GFAP immu-
noreactivity (which reflected astrogliosis). Cx43 expression was reduced in mRNA
level at early EAE stages. Oligodendrocytic Cx mRNAs were marginally or not at all
downregulated. Neither increased degradation nor reduced expression of Cx47 was
observed during acute EAE. Western blots of the Cx protein levels supported that
Cx47 levels were similar to normal levels in EAE mice during the acute phase,
suggesting that Cx47 localization only is altered. Cx47 immunoreactivity is
observed away from the cell membrane, and it diffuses intracellularly. Importantly,
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in vivo, Cx43 controls Cx47 stability in GJ plaques. Thus, the retention of Cx47 in
an intracellular compartment might be caused by the loss of astrocytic Cx43 during
acute EAE. The reduction of Cx43-mediated GJ plaque numbers in the acute phase,
which was seen to be later increased from the NAWM to the perilesional areas and to
the lesions of the MS patients, might only reduce functional stability of
oligodendrocytic GJs in heterotypic plaques during the onset and acute phase of
disease. In contrast, in the chronic phase, a reverse gradient of Cx43 expression was
found, where Cx43 was increased from NAWM to the perilesional areas and to the
lesions. Cx43 protein levels and GJs were marginally elevated during chronic active
inflammation. At later stages, Cx47 expression dropped and remained depleted
although Cx43 expression increased. This time, Cx47 and Cx32 were persistently
lost, even away from lesions and Cx47 (Markoullis et al. 2012a).

GJ plaques were significantly depleted inside and around EAE lesions, with
diffused Cx47 immunoreactivity, which was detectable in the cytoplasm of
oligodendrocytes. At the time of disease remittance, remyelination was associated
with an increased number of Cx47-mediated GJ plaques. However, during the
chronic demyelinating phase, there was a further depletion of Cx47 and Cx32
proteins observed throughout the spinal cord white matter. As the ratio of GJ plaques
per oligodendrocyte was significantly reduced, it was not predicted that oligoden-
drocyte death caused Cx47 downregulation; instead, it was predicted that Cx43-
mediated stabilization of Cx47 was important. During remyelination, OPCs showed
only restricted communication to the astrocytes. In brief, the loss of Cx47 GJ plaque
during acute EAE coincided with the loss of astrocytic Cx43, but at later stages,
upregulation of Cx43 expression only induced the partial recovery of
oligodendrocytic Cx47. Astrogliosis was predicted to increase the number of Cx43
plaques inside lesions. It was demonstrated that only GFAP-positive astrocytes
formed homotypic Cx43/Cx43 channels but not heterotypic Cx43/Cx47 channels
with oligodendrocytes (Markoullis et al. 2012a, 2014).

During acute EAE, Cx32 was depleted in long myelinated tracts and NAWM,
where myelin morphology was normal. Upon genetic ablation of the Cx32 gene
(Cx32 knockout), EAE was exacerbated. These data emphasize that the loss of Cx32
also critically contributes to the disruption of ionic homeostasis, intercellular ICW
propagation, and metabolic support. The loss of Cx32 in both the demyelinated area
and NAWM demonstrates that the loss of GJ network might occur before pathologi-
cal alteration, but it is sustained until the point of inflammatory demyelination
(Markoullis et al. 2012a).

In summary, during the acute stage of the autoimmune model of MS, loss of
astrocytic Cx43 induces intracellular localization of Cx47. During disease progres-
sion in EAE, oligodendrocyte Cx47 expression increases as a part of remyelination
but is never replenished back to its normal level. Cx43 expression is upregulated
during lesion formation as a part of reactive gliosis, but Cx47 expression is not
replenished back to its normal level. Thus, persistent loss of Cx43/Cx47 GJCs
emerges as a noticeable phenomenon and is directly associated with both EAE and
MS pathology. Although disruption of ionic and metabolic homeostasis is
hypothesized to contribute critically, which same molecules are involved in this is
yet to be pinpointed.
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6 Alteration of Cx43/Cx47 Axis in Respect to Viral Model
of Multiple Sclerosis

Although EAE model of MS is the most widely used model of MS, this model is
limited to shed light on the initial involvement of CNS resident glial cells. EAE
model also poorly elucidates the initial mechanism of CNS restricted inflammation
(neuroinflammation), which might be independent of involvement of the peripheral
immune system. In addition, current understanding of MS pathobiology
emphasizes the infectious etiology. A significant number of MS patients show
high concentrations of IgG in the CSF and brain, named oligoclonal bands.
Although, till date, no replicating virus has been isolated from a demyelinating
lesion from CNS of a MS patient but there are multiple viruses in animal systems
that induces demyelination. The examples include infection in a murine system with
Theiler’s murine encephalomyelitis virus (TMEV) or a few neurotropic strains of
mouse hepatitis virus (MHV), dogs with canine distemper virus, etc. However, the
TMEV-induced model of MS elucidates little information on the alteration of
metabolic coupling. A viral model of MS, induced by neurotropic mouse hepatitis
virus (MHV), MHV-AS59, or its recombinant strain RSA59, successfully unraveled
the involvement of CNS resident cells, which are important to initiate
neuroinflammation during MS. The neurotropic strain of MHV, MHV-AS59, induces
a biphasic disease. Hepatitis and meningoencephalitis are observed in the acute
phase of infection (days 5-6 p.i.), and chronic demyelination and axonal loss are
observed in the chronic phase of the disease (day 30 p.i.). Panel A (adapted from Das
Sarma (2010)) of Fig. 1 demonstrates the acute and chronic phase pathologies in
MHV-AS9 infection. In the chronic phase, we observed hypomyelinated areas
caused by MHV-AS59 infection in the chronic phase (Fig. 1b), which was associated
with disruption of normal perikaryonic distribution of Cx47 (Fig. 1c).

It is shown that MHV-AS59 infects neurons and other glial cells like
oligodendrocytes, microglia, and astrocytes (Chatterjee et al. 2013; Das Sarma
et al. 2008, 2009; Kenyon et al. 2015). Its infection of neurons is predicted to be
causing axonal degeneration and axonal loss. The resident immune cells in CNS,
microglia, are activated and produce inflammatory cytokines. Microglia are
observed to strip off dead-sick myelin, which is proposed to be a major cause of
demyelination. Importantly, this model elucidates the role of the innate immune
system in the primary disease progression in MS, which was a long-standing
question in this field. Oligodendrocytes and astrocytes are also directly infected by
this virus. Previously, it was found that oligodendrocytes and, more importantly,
astrocytes act as a viral reservoir leading to viral persistence.

In contrast, how astrocytes react upon infection and their role in disease progres-
sion were largely unknown. Astrocytes, the most abundant glial cell in CNS, control
CNS homeostasis and help in ionic and nutrient buffering. Gap junctions, mediated
by Cx43, play a major role in this perspective, discussed in earlier sections.

Our studies investigated whether the neurotropic demyelinating strain of MHV,
MHV-AS59, alters Cx43 expression and is linked to CNS demyelinating pathology in
this viral model of MS. In primary astrocyte culture, Cx43 is observed to be reduced
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Fig. 1 Acute and chronic stage pathologies induced by MHV-A59 infection in mice. Panel A
shows the acute stage infection of MHV-AS59 that causes hepatitis, meningitis, optic neuritis, and
neuroinflammation which results in myelitis, demyelination, and axonal loss in chronic phase. This
chronic stage pathology is also reflected in putative hypomyelinated areas in mouse brain (arrow,
Panel B). The higher magnification images show the abnormalities in myelinated tracts (stained for
PLP) were associated with disruption of perikaryonic stain of Cx47, which is evident in MHV-A59-
infected brains but not in mock-inoculated brains (Panel C)

in both mRNA and protein levels. In addition, a substantial amount of translated
Cx43 was retained in the ER/ERGIC intracellular compartment (Basu et al. 2015).
Previously, it was shown that few ODDD mutations also showed intracellular
localization pattern of Cx43, which was mainly colocalizing with ER marker PDI
and Golgi marker Giantin or TGN-38. The colocalization was mainly observed with
ER markers and minimal with Golgi markers (Gong et al. 2006). Our model showed
that virus infection directly leads to similar ER/ERGIC localization, affecting func-
tional channel formation on the cell surface. Indeed, these phenomena led to a severe
loss of GJ plaque formation between astrocytes and significantly reduced the
functional channel formation between astrocytes. Retention of GJs in ER/ERGIC
is the most significant phenomenon, as observed in other models of MS, but the
direct cause-effect relationship was unknown. As discussed, both Cx43 and viral
particles use MTs to reach the cell surface. Hence, we further investigated whether
MT-mediated viral trafficking was one of the major causes restricting Cx43-
mediated GJ plaque formation on the cell surface. It was observed that Cx43/MT
interaction was directly affected due to the interaction between viral particles/MT
and viral particles replaced Cx43 near the cell surface (Basu et al. 2017). This
phenomenon is diagrammatically represented in Fig. 2 and Fig. 3.

Along with that, our group demonstrated the loss of Cx43 was limited to not only
astrocytes but also Cx43-expressing blood-brain barrier cells, i.e., meningeal
fibroblasts, due to MHV (demyelinating strain) infection (Bose et al. 2018).
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Fig. 2 Physiological role of microtubule (MT) network and associated adapter proteins in Cx43
trafficking to cell surface. MT network helps in the delivery of Cx43 containing vesicles with the
help of other proteins like EB1, p150 (glued), dynein/dynein complex, p-catenin, and N-cadherin
where Cx43 directly interacts with MT network demonstrated by immunoprecipitation. Upon
chemical-induced disruption of MT network by colchicine and dynein/dynactin complex by
ciliobrevin, we observed Cx43 is not delivered to cell surface. During MHV infection, similarly
Cx43 is retained inside the cells as the virus-containing vesicles outcompete Cx43-containing
vesicles. However, which complexes help in the delivery of MHV-containing vesicles is not
completely understood
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As Cx43 found to regulate the stability of Cx47 in heteromeric GJ plaques, it is
hypothesized to be a major cause of perturbed GJ communication and altered
homeostasis in vivo. Indeed, depletion of Cx43 expression was observed during
acute MHV-AS59 infection, which came back to its normal expression level in the
chronic demyelinating stage when reproductive viral infection was resolved (Basu
etal. 2015). In contrast, oligodendrocytic Cx47 was persistently downregulated from
the acute stage of infection to the chronic stage. Notably, during the chronic stage
and at the peak of demyelination, loss of Cx47 was associated with loss of myelin
marker PLP (Basu et al. 2017). In MS patient samples and other models of MS,
altered GJ communication was hypothesized to play a key role, but none of those
revealed a mechanistic pathway of initiation of GJ alteration. In a viral model of MS,
MHV-A59 infection-induced alteration of Cx43 provides a link to the initial astro-
cytic Cx43 alteration and ultimately observed altered astrocyte/oligodendrocyte GJ
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Fig. 4 Probable model of alteration of astrocyte/oligodendrocyte Cx43/Cx47-mediated GJC in
MHV-A509 infection and neuroinflammation. Uninfected astrocytes and oligodendrocytes maintain
GIJIC by Cx43/Cx47-mediated channels, and Cx43/Cx43 channels form GJIC between astrocytes.
Upon MHV-AS59 infection in acute phase, Cx43 expression is downregulated and also retained in
intracellular compartment like ER/ERGIC. Cx47 expression is also diminished in acute phase of
MHV-A59 infection. During chronic phase of MHV-A59 infection, infectious virus particles are
cleared from the system. Cx43/Cx43 homotypic channels start to be replenished back to its normal
expression level. Cx47, which is stabilized by Cx43 in vivo, is sustained to be downregulated, and
the sustained losses of Cx43/cx47 channels are associated with loss of myelin-specific protein PLP

communication during progressive MS. These observations elucidate its role in
perturbed CNS homeostasis leading to loss of CNS myelin. The alterations observed
in the Cx43 and Cx47 during MHV-AS59 infection in the brain are represented in
Fig. 4.
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Abstract

Nervous system development is a dynamic process that follows a highly
constrained and genetically organised pattern leading to the generation of a
complex framework for guiding human behaviour. Generation of an appropriate
number of neurons and glia at the correct time and location is crucial for the
proper development of the neural circuitry and mental functions. The neural
epithelial cells (NEPs) undergo a stereotyped programme of cell division to
generate both neurons and macroglia through progressive differentiation and
commitment. A number of evolutionarily conserved signalling factors direct the
progenitors to decide whether to self-renew or generate neurons or various glial
cells via activating a specified programme of transcription factor expression in
target cells. In the present chapter, we will provide an overview regarding the
cellular and molecular basis of the generation of various macroglia (astrocytes,
oligodendrocytes and NG2 glia) as well as the developmental mechanisms that
direct these cells to acquire specific glial identities in the developing central
nervous system. This will strengthen our understanding to explore how these
mechanisms can be used to design curative therapeutic strategies for various
neurodevelopmental disorders and promote the regeneration and repair of the
central nervous system.
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1 Introduction

The development of the nervous system is a complex, progressive and dynamic
process with precise sequence of key events guided by an intricate and well-
programmed interplay of intrinsic and extrinsic factors that leads to the generation
of a complex framework guiding human behaviour. The human brain is made up of
approximately 10'' number of neurons and about 4—5 times the number of glial cells.
This vast array of neurons and glial cells in the mammalian central nervous system
(CNS) is generated through progressive differentiation and commitment from spe-
cific progenitor cells based on a strict spatiotemporal pattern. Both neurons and glia
(astrocytes, oligodendrocytes, NG2 glia) are generated from the neuroepithelial cells
(NEPs) lining the brain ventricles and central canal of the spinal cord. These NEPs
act as neural precursor/progenitor cells (NPCs) and generate cells in a strict
hierarchal manner, i.e. neurons are produced first followed by glia in an appropriate
number, location and timing (Fig. 1). The NPCs are the self-renewable uncommitted
multipotent progenitor cells with the capacity to generate a diverse variety of
neurons and all the macroglia of the central nervous system (Morrison et al. 1997).

Fig. 1 Hierarchical
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The transition of fate switch from neuron to glia is temporally regulated by both
intrinsic and extrinsic mechanisms that decrease neurogenesis and promote
gliogenesis. The differentiation of various neurons and glia is mediated by a small
number of signalling factors that control programmes of transcription factor expres-
sion in target cells, thus influencing their fate. The lineage history of the cell and the
transcription factors it inherits at the time of development determine its
responsiveness to these inducing factors. Neurogenesis proceeds in two phases:
prenatal phase, when most of the neurons are generated from the ventricular zone
(VZ) followed by their migration to their destined locations, and postnatal phase,
when only a limited degree of neurogenesis occurs from the subventricular zone
(SVZ) targeted to the olfactory bulb and dentate gyrus of the hippocampus.
Although the proliferation and migration of glial progenitors start prenatally, the
peak astrogenesis is a postnatal event followed by the generation of
oligodendrocytes. Most of the neurogenesis and the formation of the basic architec-
ture of the brain is completed during prenatal development, a limited degree of
neurogenesis and the generation and maturation of two major glial cells, viz.
astrocytes and oligodendrocytes, formation of the synaptic contacts, synaptic prun-
ing and myelination continue for an extended period postnatally (Fig. 2). However,
the early brain development is highly pre-programmed and a self-organised tempo-
rally constrained process, and failure at any crucial step may lead to catastrophic
alterations in brain development. The basic principles of early neural development
have been extensively reviewed by several authors (Semple et al. 2013; Stiles and
Jernigan 2010; Jiang and Nardelli 2016; Stiles 2017).

In the present chapter, we will provide an overview regarding the cellular and
molecular basis of the generation of various macroglia as well as the mechanisms by
which these cells acquire specific glial identities in the developing central nervous
system. This will further strengthen our understanding to design educational
curricula and also how these mechanisms can be used to design interventions for
various neuropathologies and promote the regeneration and repair of the central
nervous system.

2 Astrocytogenesis

This section provides a brief overview of how and when astrocytes (a) are specified
from the neural stem cells (NSCs), (b) acquire morphological and molecular
characteristics and cellular heterogeneity and (c) undergo proliferation and func-
tional maturation. Various cortical regions in the vertebrate brain arise mainly from
the multipotent progenitor cells in the respective cortical ventricular zones in a strict
spatiotemporal manner, and a precise schedule is critical for the organisation of the
normal architecture. During the development of the mammalian central nervous
system, neurogenesis largely precedes gliogenesis, where neurons are formed first
followed by astrocytes and oligodendrocytes. Both neurons and glia originate from
the radial glia that act as the primary/apical progenitor or neural stem cells in
addition to providing scaffold for the migration of neurons. Neurogenic and
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gliogenic capacities of the cortical progenitor cells are influenced by the cell intrinsic
abilities as well as extrinsic environmental factors to generate neurons and glia (Qian
et al. 2000; Rowitch and Kriegstein 2010; Kang et al. 2012). Fate decisions are
controlled by signalling pathways and dynamic transcription factor expressions. In
the rodent cortex, the neurogenesis commences around embryonic day (E) 9.5, peaks
around E14.5 and finishes around birth (Bayer et al. 1992; Rice and Barone 2000;
Babikian et al. 2010; Semple et al. 2013; Patro et al. 2015). Subsequent to the peak
neurogenesis, there is a shift from neurogenesis to astrocytogenesis, and the radial
glial cells begin to differentiate into glial fibrillary protein (GFAP)-expressing
astrocytes (Kriegstein and Alvarez-Byulla 2009; Sanai et al. 2011). The switching
of fate from neurogenesis to astrocytogenesis is a key process for generating an
appropriate number of neurons and astrocytes and is also crucial for establishing the
proper neural circuitry (Freeman 2010; Bronstein et al. 2017).

3 Differentiation and Specification of Astrocytes

The basic understanding of the transcription factors involved in astroglial specifica-
tion is derived from studies in the developing mammalian spinal cord. The gliogenic
switch is a temporally regulated event during which the NSCs from the ventricular
zone transit from neurogenesis to gliogenesis. In rodents, this transition occurs
around E12.5 in the spinal cord and E16-18 in the cortex (Deneen et al. 2006; Ge
et al. 2012). A number of growth factors present in the in vivo environment, viz.
epidermal growth factor (EGF), ciliary neurotrophic factor (CNTF), leukaemia
inhibitory factor (LIF), platelet-derived growth factor (PDGF), glial growth factor
2 (GGF2) and bone morphogenetic factors (BMPs), have been variously reported to
influence this fate switch that suppresses neurogenesis and promotes astrocyte
survival, differentiation and maturation over developmental timeline (Qian et al.
2000). How these two processes are coordinated during this switch has been a
subject of intense investigation.

The responsiveness of NPCs to these extrinsic signals varies along the develop-
mental timeline. Only the mid-late gestational NPCs are competent to differentiate
into astrocytes in response to astrogenic factors. Various astrogenic factors, viz.
CNTF, LIF and cardiotrophin-1 (CT-1), have been found to stimulate embryonic
NPCs to acquire astrogenic fates by activating the Janus kinase-signal transducer and
activator of transcription JAK/STAT pathway (Nakashima et al. 1999; Barnabe-
Heider et al. 2005; Takouda et al. 2017). These factors bind to their cognate receptors
to induce the dimerisation of gpl30 (common signal transducer) or
heterodimerisation of gp130 with one of its partner leukaemia inhibitory factor
receptor f (LIFRP) (Ernst and Jenkins 2004). This dimerisation activates JAKs
through autophosphorylation and in turn phosphorylates tyrosine residues on the
intracellular domain of these receptors where STAT3 is recruited. STAT3 is
activated by phosphorylation, forms homodimer and is translocated into the nucleus
to bind in the promoter region of the astrocyte-specific genes GFAP and S100p to
promote the astrocyte differentiation (Bonni et al. 1997; Nakashima et al. 1999; He
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et al. 2005). In addition, BMP signalling also synergistically induces the target
genes, where the BMP-activated Smads form a complex with STAT3 via P300/
CBP (CREB binding proteins) and induce astrocyte differentiation (Takouda et al.
2017). In the early embryonic NSCs, the Neurogeninl (Ngnl) deprives P300/CBP-
Smadl, to make complex with STAT3, and thus upregulates the neuronal gene
NeuroD and inhibits gliogenesis. Ngn expression is downregulated in
mid-gestational NSCs; thus, P300/CBP is free to associate with Smad complex of
STATS3, leading to a shift from neurogenic to gliogenic fate (Sun et al. 2001;
Hirabayashi et al. 2009). Thus, the mechanisms that repress neurogenesis are
sufficient to trigger the onset of gliogenesis. Neurogenesis in late embryonic NPCs
is also inhibited by notch pathway via transcriptional repressors, such as HES genes
that prevent the expression of neurogenins (Chitnis et al. 1995; Louvi and Artavanis-
Tsakonas 2006). Notch signalling is also crucial for gliogenesis and controls
gliogenic switch either directly or indirectly by controlling the size of undifferenti-
ated progenitor pool (Androutsellis-Theotokis et al. 2006). In vitro studies have also
indicated that in addition to its pro-neural function, Ngnl also inhibits
astrocytogenesis by blocking the JAK/STAT pathway (Ma et al. 1998; Sun et al.
2001; He et al. 2005). Thus, the neuron-glia switch involves complex neuron-glia
interactions in a strict spatiotemporal manner involving the downregulation of
pro-neural/anti-astrogenic factors and transcriptional activation of gliogenic factors
(Rowitch 2004; Rowitch and Kriegstein 2010).

More recently, fibroblast growth factor (FGF), an extracellular signalling mole-
cule, has been reported to be a key regulatory factor controlling the switch from
neurons to astrocytes in the developing mice cortex. Moreover, the FGF signalling
has been reported to be both essential and sufficient to change cell fates via a MEK/
MAPK pathway (Duong et al. 2019). In addition, the CNTF-induced JAK/STAT
(Bonni et al. 1997) and Notch/Sox9/NFIA signalling pathways, reported to regulate
the fate switch, are also found to be stimulated by the FGF activation (Sloan and
Barres 2014).

The responsiveness of the progenitor cells to these extracellular cues is the
intrinsic property of these cells. CNTF-induced JAK/STAT pathway activation has
been observed in early and mid-gestation progenitor as well as when these cells
differentiate into neurons. The astrogenic fate acquisition of these cells is linked with
demethylation of the astrocyte-specific genes. The DNAs in the promoters of the
astrogenic genes, GFAP, S100f, Agp4 and Clu, are highly methylated in progenitors
before late gestation, thus blocking their transcription and acquisition of astrogenic
potential (Fan et al. 2005; Namihira et al. 2004, 2009). Generation of neurons and
glia is also regulated by Notch pathway. Notch activation induces demethylation of
the GFAP promoter including the STAT3 binding site by directly inducing the
transcriptional activation of Notch-target genes, Nuclear Factor 1A (Nfla), which
act as a glial promoting factor. Notch-activated NFIA associate with the promoter of
astrocyte-specific gene, GFAP, leading to the dissociation of DNMT1 (DNA
methylating enzyme 1) from the promoter causing the demethylation of STAT3
binding site (Bajenaru et al. 2002; Garcia et al. 2004; Namihira et al. 2009). Dnmt1
in early NPCs maintain the methylation of astroglial marker genes in early NPCS
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enabling them to differentiate into neurons. Subsequently, the committed neuronal
precursors and naive neurons express notch ligands and activate notch signalling in
nearby mid-late-gestational NPCs to promote their differentiation into the next
lineage, i.e. astrocytes, by inducing the demethylation of the astrocytic genes
(Namihira et al. 2009).

Demethylation of the GFAP promoter is crucial for astrocytic differentiation from
neural stem cells (Yasui et al. 2017). NF1 binding sites have also been found in the
promoters of other astrocyte-specific genes regulating their expression (Saadoun
et al. 2005; Gopalan et al. 2006). Notch-activated NF1A in NPCs also potentiate
cytokine-activated STAT1/3 binding with the demethylated promoters of the
astrocytic-specific genes leading to the differentiation of astrocytes. NFIA helps to
maintain the continued inhibition of neurogenesis by inducing Notch effector Hes5,
further strengthening the role of NFIA in gliogenesis (Kang et al. 2012). Thus, NFIA
is a key regulator of fate determination of NSCs and neuron-glia switch and is both
necessary and sufficient for initiating prenatal glial fate specification as well as
astrocytogenesis (Gronostajski 2000; Deneen et al. 2006; Namihira et al. 2009).
Thus, NF1 genes (NFla, NF1b and NF1x) are reported to play essential roles in
astrogenesis, and deletion of either NF1A or NF1B has been reported to lead to a loss
of GFAP expression in both the cortex (das Neves et al. 1999; Steele-Perkins et al.
2005) and spinal cord (Deneen et al. 2006), while misexpression of NF1A or NF1B
was able to accelerate GFAP expression in astrocyte precursors, indicating their role
in the terminal differentiation of astrocytes. Matuzelski and his group (2017)
recently added to this information suggesting that NF1b-driven NF1x expression
is necessary for the terminal differentiation of astroglial progenitors and maturation
of astrocytes.

In the developing spinal cord, the astrocytes are generated mainly from the radial
glia and the astrocyte progenitors of the early embryonic stages, which then undergo
multiple rounds of cell divisions to generate the required number of astrocytes in the
postnatal and adult spinal cord (Tien et al. 2012). However, in the developing
mammalian cortex, the astrocytes are generated from four different sources in
successive waves: (1) directly from radial glia (RG) and glia-restricted progenitors
(GRPs) or glioblasts of the VZ of respective cortical regions, (2) from secondary
progenitors of subventricular zones (SVZ), (3) through the local proliferation of the
naive astrocytes and (4) from NG2 glia of the postnatal and adult brain (Marshall
et al. 2003; Noctor et al. 2004; Ge et al. 2012; Molofsky and Deneen 2015; Ge and
Jia 2016; Naik et al. 2017). Radial glia are the main source of astrocytes in the early
embryonic brain and generate GRPs and glioblasts first by asymmetric cell division.
These GRPs, which are highly proliferative, are found between mid-late embryonic
(E16-18) and early postnatal stages in mouse cortex (Burns et al. 2009; Magavi et al.
2012). These glial progenitors move radially from VZ/SVZ, undergoing prolifera-
tion while migrating and generating clusters of astrocytes in the cortical columns of
the postnatal cortex (Levison et al. 1993; Luskin and McDermott 1994). Such
clusters of astrocytes in the postnatal cortex suggest the local proliferation of
GRPs and terminally differentiated astrocytes during migration and thereafter
(Price and Thurlow 1988; Magavi et al. 2012). Finally, once the genesis ceases
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from the VZ, the radial glia detach and move towards pial surface to transform into
astrocytes. Once differentiated, the astrocytes derived from various sources have
different proliferative potential once. Cortical appearance of differentiated astrocytes
is detected first around E16 and peaks between postnatal (P) days 2 and 6, when the
proliferation rate is highest generating more than 50% of the total astrocyte popula-
tion by P28 (Qian et al. 2000; Ge et al. 2012; Naik et al. 2017). The rate of
proliferation decreases subsequently even as the rest of the astrocytes are generated.

4 Morphological and Functional Maturation of Astrocytes

Astrocytes are the most predominant cell type in the brain accounting for approxi-
mately 80% of the total glia found in the central nervous system. For almost a
century, the astrocytes have been categorised mainly into the protoplasmic and
fibrous, especially based on their morphological appearance and location. Such
features are attained during the late phase of astrocyte proliferation. The protoplas-
mic astrocytes populated in the grey matter develop small protoplasmic processes
that enwrap the neural synapses as well as make contacts with the blood vessels. In
contrast to this, the fibrous astrocytes of the white matter have elaborate processes
that contact the myelinated axonal fibres and the nodes of Ranvier. In addition, both
types of astrocytes express specific functional proteins, channels and receptors
(Gallo and Deneen 2014; Haim and Rowitch 2017). In rodents, the astrocytic
maturation takes place in the first few postnatal weeks. During this course of
maturation, the astrocytes undergo a change in their morphology, connectivity and
electrophysiological properties, and certain mature astrocyte markers, such as
GFAP, S100p and Aqp4, are constantly upregulated (Bushong et al. 2004; Zhou
et al. 2006). Various astrocyte-specific immunohistochemical markers, such as
GFAP, GLAST and S100B, have been useful in the localisation and migratory
pattern of astrocyte precursors as well as the sequence of astrocyte maturation
(Takahashi et al. 1990; Yuasa 2001; Catalani et al. 2002).

However, the acquisition of complex morphology and the time course of astro-
cyte differentiation and maturation during prenatal and postnatal life in rats were
revealed by experiments involving intracellular dye filling in fixed hippocampal
slices by Bushong and his group in 2004. These studies have established that by the
end of the second postnatal week, i.e. postnatal day (P) 14, the astrocytes appeared
smaller with about a dozen long processes originating from the cell body and ending
with a meshwork of filopodia-like structures, extensively overlapping territories with
neighbouring astrocytes. Later by P21, these filopodia-like processes are
transformed into the fine distal processes, and the astrocytes now appear more
ramified and bushy and acquire cytoskeletal complexity and distinct and clear
territorial domains (Catalani et al. 2002; Akdemir et al. 2020). Finally, any processes
extending into the territory of others are pruned to acquire specific area as a result of
competition between astrocyte processes and establish clear boundaries.

Subsequently, the perisynaptic processes appear from the terminal ends of the
distal branches close to the synapses that in turn start enwrapping the synapses, thus



Generation and Maturation of Macroglia in the Central Nervous System 123

forming the third partner of the tripartite synapse (Freeman 2010; Savtchouk and
Volterra 2018). During this time, the astrocytes secrete factors, such as
thrombospondins and Hevin, that induce the initiation of silent synapses
(Christopherson et al. 2005; Kucukdereli et al. 2011) followed by glypicans 4 and
6 that turn them into active contacts (Allen et al. 2012). Such a close relationship of
the maturing astrocytes with the synapses suggests that both the neurons and the
neural activity play a crucial role in their maturation (Stogsdill et al. 2017; Hasel
et al. 2017). Moreover, the period of peak gliogenesis also corresponds with rapid
blood vessel arborisation, extensions of neurites and initiation of synaptogenesis,
which also suggests a close association between glial, vascular and synaptic
components and may likely help in the establishment of glial-neuronal and glial-
vascular interactions (Wise and Jones 1976; Bautch and James 2009). Astrocyte
morphogenesis and synaptic plasticity are also regulated by neural activity through
short-range signalling mechanisms, viz. neuroligin-neurexin (Stogsdill et al. 2017),
Notch signalling (Hasel et al. 2017) and Epha4/ephrin-A3 (Filosa et al. 2009). This
suggests that astrocyte maturation and functional synaptogenesis occur through
interdependent mechanisms that are established during the critical period of neural
development.

As the astrocytes mature, they start expressing specific functional genes for
channels and receptors (GLT1, Cx43, Cx30, Kir4.1 and Aqp4), cytosolic proteins
(GFAP, S100b, AldoC, GS) and secretary proteins (Thbsl, Gpc4,6, Hevin and
SPARC) that provide them the characteristic functional ability during postnatal life
(Freeman 2010; Akdemir et al. 2020). Finally, the mature astrocytes acquire mor-
phologically complex architecture with highly ramified spongiform processes
associated with the synapses (Witcher et al. 2007; Freeman 2010; Medvedev et al.
2014), competent to perform a diverse array of functions, viz. maintenance of
homeostasis; providing metabolic and trophic support to the neurons; promoting
synaptogenesis, neurotransmitter uptake and recycling; blood-brain barrier forma-
tion; development and functioning of synapses; modulation of synaptic contact and
density of synapses; cognitive functioning; etc. (Allaman et al. 2011; Schiweck et al.
2018; Santello et al. 2019; Akdemir et al. 2020).

4.1 Astrocyte Markers

A variety of markers have been identified to track the astrocyte lineage along
developmental timeline. The specified astrocyte precursors can be identified by
three markers, glutamine aspartate transporter (GLAST), fatty acid binding pro-
tein/brain lipid binding protein (FABP7/BLBP) and fibroblast growth factor receptor
3 (FGFR3) (Shibata et al. 1997; Pringle et al. 2003; Anthony and Heintz 2007; Naik
et al. 2017). GLAST is an early marker of gliogenesis induced by NF1A, and its
expression corresponds with the gliogenic switch (Shibata et al. 1997; Deneen et al.
2006; Araque and Navarrete 2010). Both NFIA and NFIB have an intrinsic
astrocyte bias and directly induce GLAST in astrocyte precursors marking their
specification to generate astrocytes. The timing of induction of NF1A clearly



124 N. Patro and I. Patro

matches with the upregulation of GLAST in the VZ (Deneen et al. 2006). Moreover,
the NF1 binding sites have been found in GFAP promoter inducing GFAP expres-
sion (Cebolla and Vallejo 2006). Subsequently, the astrocyte precursors migrate and
proliferate and acquire terminal differentiation markers before they achieve morpho-
logical and functional maturation.

The most specified and commonly used astrocytic markers are GFAP and S1008
that are used to identify immature astrocytes and to reveal their complete morphol-
ogy along maturation (Catalani et al. 2002; Bushong et al. 2002, 2004; Donato et al.
2009; Allaman et al. 2011; Patro et al. 2015; Naik et al. 2017). Other markers
reported to label astrocyte precursors and the mature astrocytes include aldolase C,
Aldh1L1, BLBP, glutamine synthetase (GS), fatty acid binding protein FABP7,
Aqp4, glutamine transporter 1 (GLT1), Sox9, connexins (Cx) 43 and 30 (Staugaitis
etal. 2001; Liu et al. 2002; Furness et al. 2008; Molofsky et al. 2012; Szu and Binder
2016; Naik et al. 2017) and a novel astrocytic marker, NDRG2, for mature, nonre-
active and non-proliferating astrocytes (Flugge et al. 2014; Zhang et al. 2019).

Keeping in mind the multifunctional roles of astrocytes in laying the functional
architecture of the developing nervous system, any defect in the complex process of
astrocytogenesis will certainly lead to profound abnormalities in the formation of the
neural circuitry. A number of neurodevelopmental and psychiatric disorders are
associated with the improper generation and dysfunctions of astrocytes during
development, viz. Rett syndrome, fragile X syndrome, Down syndrome,
Alexander’s disease, autism, schizophrenia and others (Molofsky et al. 2012;
Sloan and Barres 2014). These disorders are caused by either overproduction of
astrocytes as seen in Down syndrome patients due to early gliogenic shift (Lu et al.
2011) or decrease in the number of astrocytes in the deeper cortical layers in
schizophrenic patients. Altered astrocyte morphology along with altered expression
of astrocyte markers, like GFAP, AQP4 and CX43, and abnormal synapse develop-
ment leads to autistic pathology (Walsh et al. 2008). Precocious formation and
maturation of astrocytes have also been implicated in RASopathies (Gauthier and
Bukach 2007; Tidyman and Rauen 2009) and following early life stress such as
maternal malnutrition (Naik et al. 2015, 2017) leading to neurocognitive delays and
social and behavioural deficits. Thus, the neurodevelopmental defects leading to
alterations in astrocytogenesis and functional neural circuits effectively contribute to
mental retardation and increase the risk of developing adult-onset psychiatric
diseases. The better understanding of the astrocyte development may shed new
lights on these disorders and point to new curative therapies.

5 Genesis of Oligodendroglia

In the developing nervous system, various cell types are generated from NEPs in a
strict hierarchical order: neurons are generated first, followed by astrocytes and then
oligodendroglia in a predicted temporal order. Temporal differences in the intrinsic
properties of the stem cells and their responsiveness to various growth factors are
involved in the process. Temporal generation of separate cell population facilitates



Generation and Maturation of Macroglia in the Central Nervous System 125

the generation of neuronal population before the establishment of the glial system, as
well as setting up of an appropriate balance between the number of neurons and glial
cells (Burne et al. 1996; Calver et al. 1998; Barres and Raff 1999). The specification
and differentiation of glia require signals from neurons, justifying their temporal
order of generation in the developing nervous system. Oligodendrocytes are
generated late in the development, as myelination is the last event to happen in
neural development. Generation of these cells is required once most of the axons
have been extended to their targets, so that the processes of oligodendrocytes initiate
axo-glial contact, synthesise myelin and start enwrapping them. This also helps the
oligodendrocytes to differentiate into various types, i.e. Type I-IV, depending on the
location and diameter of the axons contacted. In rodents, most of the myelination
occurs in the first two postnatal months of life, while in humans it is extended to the
first two decades of life (Lebel et al. 2008; Mitew et al. 2013). However, there are
evidences to point that in both humans and mice, the myelination continues through-
out life, either to regenerate lost myelin or myelinating cells or to myelinate the
axons which were earlier unmyelinated (Bartzokis et al. 2012; Young et al. 2013).
Moreover, different parts of the CNS are myelinated at different developmental
timelines, and most regions contain a mixture of both myelinated and unmyelinated
axons. This requires strict genetic regulatory mechanisms to control the development
of oligodendrocytes and the process of myelination of specific axon types.

6 Specification of Oligodendrocyte Precursors (OPCs)

Oligodendrocytes, the myelinating glia of the CNS, are generated from OPCs
derived from the precursors in germinal zones of the developing CNS. At neuron-
glia switch point, the stem cells stop generating neurons and produce progenitors
with high proliferative potential that will generate glial cells in the presence of glia
promoting signals. Notch signalling pathway and pro-glial transcription factors,
Sox9 and NFI (discussed vide supra), are required for the transition to glial cell
specification and generation. OPCs are specified as early as E10-12.5 in rodents,
when the neurons are actively generated (Chandross et al. 1999; Zhou et al. 2000),
while their differentiation into myelinating cells takes place during late gestation and
postnatal life. In mouse spinal cord, the OPCs are generated in three succeeding
waves: (1) around E12.5, from the ventral neuroepithelium within the pMN zone that
also generates motor neurons (Lu et al. 2000), (2) from more dorsal domains around
E15.5 (Fogarty et al. 2005) and (3) around birth from progenitor cells around the
central canal or from NG2+ OPCs (Rowitch and Kriegstein 2010). Similarly, in the
forebrain, the first wave of OPC production starts around E12.5 from medial
ganglionic eminence and enteropeduncular area of the ventral telencephalon and
accounts for ventrally derived OPCs (Spassky et al. 2001; Tekki-Kessaris et al.
2001), while the second and third waves from lateral and caudal ganglionic emi-
nence at E15.5 and around birth from cortex account for dorsally derived OPCs
(Kessaris et al. 2006). In the spinal cord, 80-90% of oligodendroglia are generated
from ventrally derived OPCs, while in the forebrain majority of adult
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oligodendroglia are derived from dorsally generated OPCs. Both the ventrally and
dorsally generated OPCs show similarity in their electrophysiological properties
(Tripathi et al. 2011) and can result in a compensatory expansion in opposing
population following genetic ablation of either type to generate an appropriate
population of oligodendrocytes and complement of myelin (Kessaris et al. 2006;
Richardson et al. 2006). In addition, the OPCs are also generated from adult stem
cells in the subventricular zone (SVZ) in the adult brain, and their specification may
also be dependent on SHH and FGF2 (Azim et al. 2012; Ferent et al. 2013).

The fate specification of the neural precursor cells to the oligodendrocyte
(OL) lineage is specifically controlled by the transcriptional factors regulating the
dorsoventral patterning of the neural tube by gradients of sonic hedgehog (Shh),
WNTs and bone morphogenetic (BMP) proteins. These extrinsic factors initially
activate two transcriptional regulators of oligodendrocyte lineage, Oligl and Olig?2,
in restricted domains of the ventral ventricular zone. Shh is secreted ventrally and is
known to regulate the expression of various transcription factors, such as Nkx2.2 and
Nkx6.1/6.2, Oligl and Olig2 and Pax7, important for the development of OPCs in
the forebrain and spinal cord (Tekki-Kessaris et al. 2001; Liu et al. 2003; Ortega
et al. 2013; Rowitch and Kriegstein 2010). The effect of Shh is antagonised by
dorsally expressed BMP and Wnt/f-catenin pathways (Mehler et al. 2000; Robertson
et al. 2004; Ulloa and Marti 2010). Shh signalling is both necessary and sufficient for
oligodendrocyte (OL) specification and production and works in a gradient to
regulate the expression of transcription factors that pattern unique progenitors in
the ventral neural tube (Briscoe and Novitch 2008; Dessaud et al. 2008). Both the
concentration and temporal expression of Shh are important for establishing cell fate;
the highest concentration induces the expression of Nkx2.2 in the most ventral
progenitors, intermediate concentration of Shh induces intermediate neural tube
fates (Olig2+ cells), and very low or no Shh induces the dorsal fates (Pax7+ cells)
in the spinal cord.

Subsequent cross-regulatory interactions between the combinations of transcrip-
tion factors within the progenitor domains establish sharp boundaries and regulate
the identity and specification of cell types (Briscoe and Novitch 2008). Shh-induced
expression of Olig2 is crucial for OPC specification, but the late stages of OPC
maturation are Shh-independent (Orentas et al. 1999; Vallstedt et al. 2005). Once the
OPCs are specified to the OL lineage, they migrate away from the source of Shh in
the ventral midline to colonise the CNS. These committed OL precursors continue to
express Oligl and Olig2 as well as induce the expression of Nkx2.2 and Sox10
(Kuspert et al. 2011; Yu et al. 2013). Nkx2.2 plays an important role in the terminal
differentiation of OPCs to OLs (Qi et al. 2001), while Sox9/10 proteins in OPCs
induce the expression of PDGFRa that in turn promotes the survival and differenti-
ation of OPCs by binding to its secreted ligand PDGF (Barres et al. 1993; Calver
et al. 1998). The PDGFRa expression is a key event in OPCs’ fate specification and
their responsiveness to PDGF (Noble et al. 1988; Richardson et al. 1988) and
represents all potentially myelinogenic cells (Sim et al. 2011). In addition, FGF2
also acts as a mitogenic factor either directly by promoting OPC proliferation or
indirectly by promoting PDGFRa expression (Baron et al. 2000).
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The differentiation of OPCs is tightly controlled both to regulate the timing of
myelination during development and to maintain the OPCs’ pool capable of prolif-
eration and differentiation throughout life. The OPCs’ pool is maintained by a
number of transcription factors expressed by OPCs themselves, viz. Sox5, Sox6,
Hes5, 1d2 and Id4, that mediate an inhibitory influence acting on OPCs to prevent
their differentiation and myelination (Emery and Lu 2015). Notch signalling path-
way also helps to maintain the OPCs’ pool and prevent their differentiation via the
activation of Hes5 (Liu et al. 2006). In addition to OPCs, Sox5 and Sox6 are also
expressed in neural progenitors and are downregulated during differentiation
specifying their role in preventing differentiation (Stolt et al. 2006). In contrast,
several other transcription factors induced early during lineage specification have a
role in the differentiation of OPCs to OLs. These factors include Oligl, Olig2,
Sox10, Nkx2.2, Myrf, Sipl, Nkx6.1/6.2, mashl, etc. (Li et al. 2009; Emery 2010).
By virtue of the continued expression of Olig2 in the OL lineage, it has been
designated as the oligodendrocyte lineage determination factor and controls both
lineage specification, differentiation and myelination.

Extrinsic signals especially the neuronal activity and axonal influences have also
been reported to play an important role in OPCs’ proliferation, survival, differentia-
tion and myelination (Emery 2010). Axonal contact, diameter of axons and axonally
derived cell adhesion molecules and neurotrophins are variously described to regu-
late the myelination (Rosenberg et al. 2007; Mitew et al. 2013). Electrically active
neurons signal to OPCs via the release of glutamate or ATP acting on their AMPA
receptors or purinergic receptors (Bergles et al. 2000; Zonouzi et al. 2011). Other
signalling molecules like FGFs, Neurotrophin-3, insulin-like growth factor 1 (IGF1),
astrocyte-derived chemokines and neuregulin 1 (Nrgl) also control their prolifera-
tion and survival to ensure the generation of sufficient number of oligodendrocytes
to produce myelin (Mitew et al. 2013).

Olig2 also plays an important role in neural subtype switch to specify the
generation of motor neurons and oligodendrocytes in the pMN domain of the ventral
spinal cord (Li et al. 2011; Zhu et al. 2012). The level of Oligs is crucial for the
sequential control of fate determination and differentiation of motor neurons first and
then glia (Lee et al. 2005). Initially, Ngn2 is co-expressed with Olig2 in a subset of
progenitors in pMN, which act as the repressor of gliogenesis and thus promote
motor neuron generation (Novitch et al. 2001; Zhou et al. 2002). Subsequently,
Ngn2 is downregulated, and Nkx2.2 is expressed, defining the fate of OPCs in Olig1/
2-expressing progenitors, suggesting that Ngn2 downregulation acts as a molecular
neuron-glia fate switch (Rowitch and Kriegstein 2010). All glial progenitors express
both NF1A and NF1B at the onset of gliogenesis throughout the developing spinal
cord. NF1A is required for maintaining the expression of Olig2 in all OL lineage
cells (Lu et al. 2002; Zhou and Anderson 2002). Subsequent to neuron-glia switch,
NF1A/1B promotes astrocyte differentiation, and the NF1A function is suppressed
in OPCs. This pro-astrocytic function of NF1A is antagonised by Olig2 in OPCs
which co-express both, suggesting that gliogenic switch has an intrinsic astrocyte
bias, which is then shifted to oligodendrocyte fate by Olig2 (Deneen et al. 2006).
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7 Oligodendrocyte Differentiation

Oligodendrocyte differentiation is regulated by a myriad of both extrinsic and
intrinsic factors, including extracellular signals, OPC-specific transcription factors,
epigenetic modulators, miRNAs and intracellular signalling pathways (Eibaz and
Popko 2019). Once the specification is established, the OPCs exit the cell cycle,
become postmitotic and undergo a series of molecular changes that help them to
differentiate into pre-myelinating/immature oligodendrocytes. Subsequently, these
cells extend elaborate network of processes to contact nearby axons, wrap around
them and finally switch on genes required for myelin synthesis and maintenance
(Nave 2010). Differentiation of OPCs to OLs seems to be a terminal event, and there
is no evidence of OLs undergoing in vivo dedifferentiation. A number of transcrip-
tional regulators in OPCs/OLs are involved in coordinating these changes that
require the expression of genes required to promote differentiation and repress
other genes that prevent differentiation (Swiss et al. 2011; He and Lu 2013).
Chromatin remodelling is a key process that regulates the OL development by
specific and coordinated gene expression via an activation of ATP-dependent
SWI/SNF chromatin remodelling enzyme, Smarca-4/Brgl, that triggers the onset
of differentiation (Emery 2010; Jacob et al. 2011). The activation of Brgl is
transcriptionally prepatterned by Olig2 and is both necessary and sufficient to trigger
the onset of myelin-associated genes (Yu et al. 2013). Thus, Olig2 by promoting
ATP-dependent chromatin remodelling makes the promoters of OL-specific genes
accessible for transcription. Other transcription factors and regulatory molecules that
collaborate to regulate OL differentiation include myelin gene regulatory factor
(Myrf) and zinc finger protein 24 (Zfp24; earlier known as Zfp191). Myrf plays an
important role in OL maturation and myelination and helps to maintain the OL
identity in adult (Emery et al. 2009; Koenning et al. 2012) by directly binding to the
targets of a number of genes involved in morphological development of OLs and
myelination process, viz. cytoskeletal genes, lipid metabolism genes, transcriptions
factors Smad7 and Nkx6 and myelin proteins, like myelin basic protein (MBP),
proteolipid protein 1 (PLP1), cyclic nucleotide phosphodiesterase (CNP), myelin-
associated glycoprotein (MAG) and myelin oligodendrocyte protein (MOG), all of
which are essential for OL differentiation, myelination and paranodal formation
(Cahoy et al. 2008; Emery et al. 2009; Bujalka et al. 2013). Expression of these
genes is upregulated as a result of axonal contact and indicates the specified phase of
OL differentiation. Zfp24 also influences the oligodendrocyte differentiation and
myelination by binding to the regulatory regions of the required genes to control
their expression (Elbaz et al. 2018). Continued expression of Olig2 and Sox10 is
required for the maintenance of Myrf expression and its target genes involved in
myelination (Goldman and Kuypers 2015). Thus, Olig2, Sox10, Nkx2.2, Zfp24 and
Myrf act as the core regulatory network that regulates the OL differentiation and
myelination. Olig2 directly activates Sox10, a factor considered to be the major
determinant of oligodendrocyte differentiation. Both, in turn, maintain the expres-
sion of Olig2 in Sox10-positive cells relieving the repression on Nkx2.2. So, the
expression of Olig2 and Nkx2.2 finally result in the initiation of OL differentiation
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(Eibaz and Popko 2019). Oligl synergistically interacts with Sox10 and promotes
transcription of MBP in oligodendrocytes (Li et al. 2007). During maturation of
OLs, the subcellular distribution of OLIGI1 is shifted from nucleus to cytoplasm,
which is required to promote membrane expansion, a vital requirement of myelin
sheath formation (Niu et al. 2012). Nkx2.2 helps in maintaining the expression of
MBP and PLP, while Nkx6.2 is required for the proper formation of the paranodes.
At this transition to myelinogenesis, these immature oligodendrocytes start
expressing surface lipid sulphatide and can be identified by O4 antibody (Sommer
and Schachner 1981). With subsequent maturation, this lipid composition changes to
galactocerebroside, and these cells become more mature and are recognised by Ol
antibody (Bansal et al. 1989).

8 OPCs’ Migration, Maturation and Myelination

After specification, OPCs migrate away from their point of origin to spread through-
out the CNS to their final site of myelination, stop migrating, cease cell division,
become stationary and terminally differentiate into postmitotic state, extend multiple
processes and contact nearby axons. They remain highly proliferative while migrat-
ing to the cortex. Various extracellular signalling molecules regulate their migration
and help them to travel great distances and also to ensure that OPCs are properly
distributed throughout the CNS. These include the mitogenic factors, adhesion and
contact molecules and chemokinetic cues. PDGFa and FGF2 are two mitogenic
factors that power the OPCs’ migration by independent signalling pathways (Baron
et al. 2000; Miyamoto et al. 2008). During migration, the OPCs receive signals from
ECM molecules and numerous cell adhesion molecules that work through adhesion
or contact guidance, to achieve the homogeneous distribution of OPCs (Mitew et al.
2013). Across development, once OPCs are correctly positioned, they are
transformed from simple bipolar morphology expressing PDGFRa, Oligl/2/Sox10
and NG2/CSPG4 to pre-myelinating immature oligodendroglia with more complex
morphology bearing multiple processes and in addition acquire O4 and O1 antigens
(Jiang and Nardelli 2016). These immature oligodendroglia are highly transient
population in the mouse brain, but exist for at least 3 months in the human cerebral
white matter, before their final maturation (Back et al. 2001, 2002). On further
maturation, OLs become stationary and acquire complex morphology with perpen-
dicular as well as long parallel processes following the axonal tracts and start
expressing myelin synthesising proteins, MBP, PLP, MOG, MAG, etc. Finally,
they transform into morphologically and electrophysiologically mature myelinating
cells over time capable to myelinate the nearby axons.

Gradual developmental lineage progression of oligodendrocyte cells involves
changes in their morphology, motility and a shift in expression of various cell
surface proteins, used as stage-specific markers for oligodendrocyte maturation
(Fig. 3). The acquisition of PDGFRa is well accepted as the most reliable marker
of OPC:s as it specifies the commitment of OPCs towards oligodendrocyte lineage.
PDGFRa+ OPCs can be easily marked by E14 in rat brain with peak numbers during
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Fig. 3 Development of oligodendroglia: showing the temporal sequence of the specification,
differentiation and maturation to myelinating oligodendrocytes with stage specific markers

the first 2 weeks of postnatal life, initially lying near the ventricles and later
homogenously distributed in the cortical and subcortical areas (Patro et al. 2019).
In addition, OPCs also express other marker proteins, viz. chondroitin sulphate
proteoglycans (CSPG4) NG2, NKx2.2, Oligl, Olig2 and Sox10 (Zhang 2001;
Mitew et al. 2013). With progressive maturation, the PDGFRa is downregulated,
and various genes are expressed to mark the pre-myelinating oligodendrocytes
(O1 and O4 antigens, CNP1 and PLP) and myelinogenic oligodendrocytes (CNP1,
GALC/O1, PLP, MBP, MAG, MOG and MOBP) (Emery 2010; Mitew et al. 2013;
Goldman and Kuypers 2015; Van Tilborg et al. 2017). PLP, an integral membrane
protein, accounts for more than 50% of the total myelin protein in the CNS. It is
expressed very early during development in oligodendrocyte lineage cells and plays
arole in migration and differentiation in addition to its involvement in enhancing the
stability and compaction of myelin.

Myelination occurs between postnatal (PND) days 10 and 14 and peaks around
PND20 in rodents, while a significant amount of myelination in humans proceeds
between 28 weeks of gestation and 3-5 years of age (Semple et al. 2013). Oligoden-
drocyte process extension, initial axonal contact and subsequent myelin thickening,
guided by specific extracellular signalling molecules, all are highly instrumental for
proper myelination required for rapid saltatory conduction and neurotransmission.
Similar to neuronal apoptosis, apoptosis of glial cell population also takes place
although the time course differs. While the peak neuronal apoptosis is recorded
during prenatal life, excess oligodendrocytes undergo apoptosis a few days after the
glial precursors undergo differentiation, i.e. the period of initial myelination when
they contact axons, indicating that the axonally derived signals mediate the process
to ensure that the surviving oligodendrocytes match the axonal surface area to be
myelinated (McTigue and Tripathi 2008). Thus, proper axonal myelination and
neuronal transmission rely on appropriate OPC specification, proliferation, migra-
tion and differentiation during development.
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Myelin defects are seen in many human diseases, e.g. Pelizacus-Merzbacher
disease, a congenital leukodystrophy, where OPCs are unable to produce myelin
because of mutation in PLP1 gene (Goldman et al. 2008). Oligodendrocytes are also
a target in multiple sclerosis, which is an autoimmune disorder leading to myelin
destruction. While OPCs extensively proliferate in demyelinating lesions, they fail to
differentiate into mature OLs and effectively remyelinate, leading to disease pro-
gression (Franklin and Ffrench-Constant 2017). White matter injuries in the new-
born and pre-term infants are another major reason for disability in survivors and
may be a cause of cerebral palsy, epilepsy, cognitive delay and learning disabilities
(Hack et al. 2002). Intra-generational protein malnutrition has also been reported to
result in hypomyelination and demyelination lesions in corpus callosum bundle
leading to behavioural deficits (Patro et al. 2019). Thus, any deleterious changes in
oligodendrogenesis and myelination due to early life challenges or developmental
disturbances may lead to neurodevelopmental disorders leading to persistent and
long-term behavioural changes.

NGQG?2 glia, the third major type of macroglia in the CNS, have gained attention in
the last two decades and are known by multiple synonyms such as polydendrocytes,
synantocytes, NG2 progenitor cells, OPCs or GIuR cells (Nishiyama et al. 2009;
Bergles et al. 2010; Kang et al. 2010; Trotter et al. 2010; Dimou and Gotz 2014;
Dimou and Gallo 2015; Bender et al. 2020). The name NG2 defines the specific
expression of nerve/glial antigen 2 which is an integral membrane chondroitin
sulphate proteoglycan expressed on non-neuronal cells in the CNS. These
NG2-expressing cells are found widely distributed in both white and grey matter
of postnatal as well as adult CNS and make up to 5-10% of the total glia. NG2 glia
are a distinct progenitor population in adult neurogenic niches, i.e. SVZ and hippo-
campal dentate gyrus, retain the capacity to proliferate and differentiate throughout
life and constitute the major resident progenitor population, capable of responding to
any type of injury signals and differentiating into multiple mature neural cell types to
repopulate the lesion sites (Levine et al. 2001; Sellers et al. 2009; Richardson et al.
2011). However, their multipotential fate to give rise to neurons, astrocytes and
oligodendrocytes is highly controversial, and the recent studies mostly emphasise
that NG2 glia in both developing and adult brains are OPCs and, under normal
physiological conditions, generate oligodendrocytes in the white matter and are the
main source for remyelination of the naked axons in demyelinating disorders like
multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS) and experimental
autoimmune encephalitis (Magnus et al. 2008; Tripathi et al. 2010; Dimou and
Gallo 2015). Majority of the grey matter NG2 glia do not differentiate into OLs
and are maintained in their proliferative phenotype throughout life. These grey
matter NG2 glia in rodent brain are known to make direct excitatory and inhibitory
synaptic contacts with neurons in various brain regions (Bergles et al. 2010; Sakry
et al. 2011). Neuronal activity is thought to regulate their fate and modulate their
proliferation during development and regeneration.

Developmental origin of NG2 cells is similar to majority of other oligodendrocyte
lineage cells from specific ventral and dorsal domains in both the spinal cord and
forebrain (Nishiyama et al. 1996a; Tekki-Kessaris et al. 2001). NG2 cells first appear
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after E15, about 2 days after the PDGFRa-expressive cells are seen in the CNS
parenchyma. All these NG2-expressing cells co-express PDGFRa as well and are
found scattered throughout the CNS parenchyma. These dual expressing cells
outnumber the cells expressing PDGFRa only, and their number increases by the
end of embryonic development reaching up to ~99%, except in the SVZ region
where the cells express only PDGFRa (Nishiyama et al. 1996b; Tekki-Kessaris et al.
2001). SVZ is the major source for the generation of NG2 glia in both postnatal and
adult CNS. This was shown by retroviral marking of perinatal SVZ where most of
the NG2 cells in the developing neocortex and corpus callosum were generated from
neonatal SVZ (Levison et al. 1993), while in the adult brain, the NG2 cells in the
corpus callosum were generated from GFAP+ SVZ type B cells (Gonzalez-Perez
et al. 2009). These NG2 cells in the SVZ are the transit-amplifying progenitors and
do not express NG2. NG2 is expressed once they migrate towards the parenchyma
surrounding SVZ (Aguirre et al. 2004; Cesetti et al. 2009; Komitova et al. 2009).
NGQG2 glia are also generated through local proliferation to maintain their population
in the adult CNS. These cells throughout their developmental stages bear stellate
morphology with a central round soma and multiple long slender processes, thus
deriving their name as polydendrocytes (Nishiyama et al. 2005, 2009). However, the
number and length of the processes may change with age and their location in the
CNS (Dawson et al. 2003). Similar to neurons, they express a variety of ligand and
voltage-gated ion channels but are unable to generate action potential due to the
relatively low density of voltage-gated sodium channels (Bergles et al. 2010; Larson
et al. 2016).

NG2 glia have been broadly accepted to differentiate into mature myelinating
oligodendrocytes (Zhu et al. 2008a; Kang et al. 2010; Dimou and Gallo 2015).
However, there are temporal and spatial differences in the rate of generation of
oligodendrocytes, i.e. faster in the white matter than in the grey matter. Moreover,
their generation rate decreases with age prominently in the grey matter (Dimou et al.
2008; Kang et al. 2010; Zhu et al. 2011). In addition to oligodendrocytes, the NG2
glia have also been reported to generate interneurons of the hippocampus and
olfactory bulb (Aguirre and Gallo 2004; Belachew et al. 2003), principal neurons
in the piriform cortex (Rivers et al. 2008) and astrocytes in ventral areas of the
forebrain and spinal cord (Zhu et al. 2008a, b; Guo et al. 2009). Although there is
compelling evidence to accept that NG2 glia primarily give rise to oligodendrocytes,
the findings from genomic studies indicate their lineage plasticity that is gradually
lost with age.
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Abstract

Microglia, the resident immune cells of the central nervous system (CNS),
originate through primitive hematopoiesis from early embryonic erythromyeloid
progenitors (EMPs) found in the extra-embryonic yolk sac (YS). These primitive
macrophages act as sole microglial progenitors which initially appear in the YS
blood islands and subsequently migrate into the embryo and enter the
neuroepithelium to colonize the brain rudiment, where they proliferate locally
and spread spatially within the CNS to account for the only original pool of the
myeloid cells under normal physiological conditions. A number of transcription
factors, signaling molecules, and growth factors are involved in the lineage
commitment of the myeloid cells and the fate determination and the acquisition
of cellular identity of the microglia. Early embryonic microglia bearing amoeboid
morphology and high proliferative potential gradually transform into the slowly
dividing ramified microglia with more complex process arbors, express microglia
homeostatic marker genes, and acquire phenotypic and functional maturity. Any
deviation or perturbation in the microglial development leads to the generation of
dysfunctional microglia or their impaired maturation leading to the loss of
developmental functionality and susceptibility to develop neurodevelopmental
disorders.
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1 Introduction

Microglia are the resident tissue macrophages of the central nervous system and play
a crucial role in the maintenance of the CNS in the health and disease (Ransohoff and
Perry 2009; Prinz and Priller 2014). Immune defense and maintenance of the CNS
homeostasis are the two distinct functional characteristics of the microglia.
Microglia continuously monitor their surrounding environment by highly ramified
dynamic processes in order to respond to any disturbance (Davalos et al. 2005;
Lehnardt 2010) and initiate a program to support neuroprotection and remodeling
(Minghetti and Levi 1998). Microglia are also key players in maintaining brain
homeostasis under physiological conditions by controlling neuronal proliferation
and differentiation and participating in modification and elimination of synaptic
structures through active interactions with synaptic connections (Perry et al. 2010;
Hughes 2012; Blank and Prinz 2013; Bialas and Stevens 2013).

The development of an organism is a highly orchestrated process, containing
several critical windows during which dynamic and irreversible fate decisions are
spatially and temporally coordinated. The brain development is a prolonged process
that begins early embryologically and continues to mature even after puberty in
terms of sharpening and refinement of synaptic connections (Van Ryzin et al. 2018).
Microglia are functionally associated with such synaptic modifications and are
crucial for activity-dependent refinement of the visual system during the critical
developmental period (Stevens et al. 2007; Schafer et al. 2012). In the developing
brain, microglia help in regulating the generation of appropriate number of neurons
by supporting the proliferation, survival, and apoptosis of progenitors (Ueno et al.
2013; Shklover et al. 2015; Mosser et al. 2017). Moreover, the early wiring of the
CNS, synaptic refinement and pruning, synapse formation and their functional
maturation, and the overall buildup of synaptic network all depend on the intricate
ability of microglia.

Microglia were first described as a class of resident CNS cells by del Rio Hortega
(1919) based on their typical morphological appearance bearing a tiny cell body and
highly branched processes. Recently, Umpierre and Wu (2020) reviewed 100 years
of microglia research focusing three major advances: (a) their transcriptional diver-
sity focusing the regional species-specific, disease-specific, and developmental
heterogeneity, (b) stem cell-based approaches to study human microglia, and
(c) their remarkable adaptation and plasticity owing to their multifunctional roles
in neural development, maintaining brain homeostasis and neurological disorders.
However, to elucidate the precise physiological roles and functions of microglia in a
healthy adult CNS, it is important to be aware of the in-depth knowledge of the
transcriptional mechanisms, epigenetic factors, and developmental pathways
involved in the origin of these cells.
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2 Origin of Microglia

The ontogeny of microglia has been a subject of debate for long. The journey started
with del Rio Hortega (1919), who identified a small population of phagocytic motile
cells in the CNS and proposed that mesodermal cells of the pia mater infiltrating the
brain during early development might account for the presence of early microglial
cells in the embryonic brain which subsequently migrate to various nerve centers.
Moreover, most early investigators including del Rio Hortega (1919) himself pro-
posed the mesodermal origin of microglia from blood monocytes, based on their
phenotypic similarities and the phagocytic property with mononuclear cells, as well
as the concept that monocytes are recruited in the neonatal as well as adult brain
during inflammatory conditions. Del Rio Hortega, in 1939, further characterized
these cells as the non-neuronal, non-astrocytic elements of the CNS and as distinct
from oligodendroglia and termed them as the microglial cells. On the basis of these
observations, scientists long believed that monocytes circulating in the blood were
the progenitors of microglia, which finally replaced the ones that entered the brain
through meninges during early development. These early conjectures about the
origin of microglia led to vigorous debates inspiring scientists for more rigorous
studies in this area. After intensive research for around 150 years, microglia have
now been designated as a distinct and unique macrophage population residing in the
CNS with a well-defined developmental origin.

The colonization of microglia in CNS parenchyma occurs much before the
formation of neuroectodermally derived macroglia, i.e., astrocytes and oligoden-
droglia (Schlegelmilch et al. 2011; Swinnen et al. 2013). During the late twentieth
century, two hypotheses were propagated regarding the origin of microglia: the first
one supported the shared lineage with neurons and macroglia from neuroectoderm
based on the in vitro studies (Fujita et al. 1981; Hao et al. 1991; Fedoroff et al. 1997),
while the second hypothesis proposed that microglia are derived from the
hematopoietic cells which give rise to all the tissue macrophages (Kaur et al.
1987; Ling 1994). However, more recent advances changed these notions and
suggest that microglia and other macrophages of the CNS originate through primi-
tive hematopoiesis from early embryonic erythromyeloid precursors (EMPs) found
in the extra-embryonic yolk sac (Alliot et al. 1999; Schulz et al. 2012; Ginhoux et al.
2013; Kierdorf et al. 2013; Perdiguero et al. 2015; Hoeffel et al. 2015; Goldmann
et al. 2016; Ginhoux and Prinz 2018). The primitive hematopoiesis begins in the
yolk sac (YS) around embryonic (E) day 7.5 in mice and contributes to the genera-
tion of erythrocytes and tissue resident macrophages (Palis et al. 1999; Bertrand et al.
2005). The primitive hematopoiesis decreases with progressive embryogenesis and
is gradually replaced by definitive hematopoiesis which takes place in aorta-gonad-
mesonephros (AGM) of the embryo around E10.5. These progenitors derived from
AGM act as hematopoietic stem cells (HSCs) or bone marrow cells (BM) and
produce the entire hematopoietic cell population after E11.5 or birth, respectively
(Bertrand et al. 2005; Cumano and Godin 2007).

The primitive macrophages initially appear in the blood islands of the YS and
later migrate in the embryo through blood circulation after the circulatory system is
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established by de novo formation and remodeling of blood vessels around E8—E10
(Walls et al. 2008; Ginhoux et al. 2010). The newly generated EMPs are
characterized as CD31" and C-Kit" and develop via the macrophage ancestor
population Al (CD45%, CX3CRI1"™¥, F4/80"%) to A2 (CD45%, CX3CRI",
F4/80™) committed microglial progenitor pool (Kierdorf et al. 2013; Schulz et al.
2012). These microglial progenitors enter the neuroepithelium by E9.5-E10, colo-
nize the brain rudiment, and continue until the blood-brain barrier is established,
around E13.5-14.5 (Alliot et al. 1999; Chan et al. 2007; Gomez-Nicola and Perry
2015; Kierdorf et al. 2013). Subsequently, they proliferate locally and spread
spatially within the CNS to account for the only original pool of myeloid cells in
the normal healthy brain (Hashimoto et al. 2013; Sheng et al. 2015). The
BM-derived monocytes/macrophages from circulation infiltrate the brain only
under inflammatory and pathological insults (Shechter et al. 2009, 2013). Thus,
the CNS contain only YS-derived macrophages that account for total microglial
population in the adult brain. In contrast, the definitive HSCs in the fetal liver
(FL) and BM or maternal macrophages do not add to the CNS resident microglia
pool. Moreover, the YS-derived fetal macrophages migrate into the brain much
before the onset of the production of monocytes from the FL. These cells maintain
high proliferative potential in both the YS and brain rudiment where they colonize
(Naito et al. 1990, 1996; Takahashi and Naito 1993) and act as potential microglial
progenitors initially in the YS and subsequently enter into the brain rudiment either
through leptomeninges or from brain ventricles and proliferate extensively (Alliot
et al. 1999; Swinnen et al. 2013). Several studies claim that apoptotic signals trigger
the migration and spread of microglia in the embryonic brains of zebrafish (Casano
et al. 2016; Xu et al. 2016) and rodents (Swinnen et al. 2013).

Mesodermal origin of microglia proposed by del Rio Hortega was also strongly
supported by several investigators based on their physiological and phenotypic
similarities with macrophages (Murabe and Sano 1982,1983; Hume et al. 1983;
Perry et al. 1985; Ginhoux and Prinz 2018). Microglia are now reported to bear
phenotypic similarities with tissue macrophages and circulating monocytes,
expressing macrophage-specific markers, viz., F4/80, Fc receptor, and CD11b, in
both mouse (Perry et al. 1985) and humans (Akiyama and McGeer 1990). Ultra-
structural evidences also established the shared features of microglia with
phagocytes (Ling and Tan 1974; Ling 1981).

The origin of microglia from YS was confirmed after two decades of rigorous
research involving all modern scientific tools. In a genetic fate mapping experiment
by inducing Cre recombinase activity from two different loci, i.e., runt-related
transcription factor 1 (Runx1) (Ginhoux et al. 2010) and colony-stimulating factor
receptor 1 (CSF-1R; Schulz et al. 2012), via injection of tamoxifen into pregnant
mice during E7.0-E8.5, the in vivo fate mapping of YS-derived cells was carried
out. The investigators confirmed that the early YS progenitors are the major source
of microglia based on their observations that large fraction of microglia in mice
injected at E7.0-E8.0 were genetically labeled (Runx1+). There was a substantial
decrease in the relative number of tagged microglia in mice injected from ES8.0
onward, and it was almost absent in mice injected at E8.5, suggesting that the
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microglia are derived only from the EMPs that appear in the YS around E7.5.
Although Runxl is expressed by both YS and FL hematopoietic progenitors, at
E7.5, only the YS progenitors are Runx1™ that are specifically and irreversibly
tagged. These EMPs are characterized as CSFIR™ and C-Myb ™ (transcription factor
myeloblastosis) EMPs that give rise to YS macrophages to colonize the embryonic
brain rudiment to generate microglia (Hoeffel et al. 2015; Hoeffel and Ginhoux
2015; Ginhoux and Guilliams 2016). The transcription factor Myb is required only
for the generation of HSCs but not microglia and thus is an important factor to
differentiate between the primitive and definitive hematopoiesis (Schulz et al. 2012).

The YS origin of microglia was found to be conserved across many species, viz.,
zebrafish (Herbomel et al. 1999) and avians (Cuadros and Navascues 1998). How-
ever, spreading of YS progenitors in both zebrafish and avian embryos are indepen-
dent of blood circulation; the progenitors invade the whole cephalic mesenchyme
and then to the brain in zebrafish (Herbomel et al. 1999) and enter through the pial
surface in birds (Kurz et al. 2001), while in mice the YS progenitors migrate through
blood circulation, as was confirmed by the complete absence of microglia in NCX ~/
~ embryos due to the lack of heartbeat and defective circulation (Koushik et al. 2001;
Ginhoux et al. 2010, 2013). Moreover, both microglia and blood vessels seem to
influence each other’s development, as PU.1™'~ mice that fail to develop the
required number of microglia also display the underdeveloped vascular network
(Rigato et al. 2011; Mosser et al. 2017). However, microglia do not solely depend on
the vascular system for invasion in the brain neuroepithelium, and alternate routes
for the entry of microglia from meninges and ventricles have been reported (Cuadros
and Navascues 1998). Moreover, the BM-derived macrophages are also known to
invade the brain through blood circulation during inflammatory conditions, but these
cells neither integrate into the microglial network nor contribute to the microglial
pool (Ajami et al. 2011; Ransohoff 2011).

In addition to parenchymal microglia, other resident non-parenchymal brain
macrophages of perivascular space, meninges, and choroid plexus also share a
common origin from EMPs dependent on master regulators, Runx1, PU.1, and
IRF8 (Schulz et al. 2012; Goldmann et al. 2016; Lopez-Atalaya et al. 2018). The
non-parenchymal macrophages of CNS constitute the first line of defense against
cellular and pathogenic components and are maintained throughout life via local
proliferation and self-renewal (Reu et al. 2017; Tay et al. 2017) with the exception of
choroid plexus cells that are constantly replaced by BM-derived monocytes through-
out adult life (Goldmann et al. 2016). The embryonic development of both paren-
chymal microglia and non-parenchymal macrophages is tightly regulated by a
variety of transcription factors, epigenetic remodeling, and signaling pathways
(Lopez-Atalaya et al. 2018). Although the ontogeny of non-parenchymal
macrophages has not been fully explored, a complex process that involves the
integration of both intrinsic and epigenetic factors and extracellular signaling
molecules helps to shape their genomic buildup leading to the activation of cell-
specific transcriptional profiles as well as fate decisions (Crotti and Ransohoff 2016;
Prinz et al. 2017).
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3 Early Specification and Differentiation of Microglia

3.1 Transcription Factors Required for Microglia Development
and Homeostasis

The development of microglia and CNS macrophages from the primitive cells is an
extremely complex process and requires temporal expression of specific factors that
drive their journey in the developing CNS to give rise to resident ramified microglia.
The early specification of the YS precursors and the development of microglia are
dependent on the combinatorial action of a number of transcription factors involved
in lineage commitment of the myeloid cells and the fate determination and mainte-
nance of cellular identity of brain macrophages (Kierdorf et al. 2013; Nayak et al.
2014; Prinz and Priller 2014; Prinz et al. 2017; Heinz et al. 2015; Lopez-Atalaya
et al. 2018).

Runx1 is a transcription factor involved in the development of all hematopoietic
lineage cells (Samokhvalov et al. 2007) and has been reported as a critical factor to
define that parenchymal brain macrophages originate from embryonic YS (Ginhoux
etal. 2010; Zusso et al. 2012). In addition, Runx1 also regulates the proliferation and
differentiation of microglial cells and the acquisition of the ramified morphology
typical of adult microglia, suggesting its role in their maturation (Zusso et al. 2012).
They also suggested its importance in the transition of the activated amoeboid
microglia back into ramified states. Runx1 also interacts with other transcriptional
elements to regulate the expression of several genes essentially involved in the
lineage-specific development of multipotent progenitors. Physical interaction of
Runx1 and CCAAT enhancer binding protein (C/EBP) is required for the expression
of colony-stimulating factor receptor 1 (CSF1R) essentially involved in the devel-
opment and homeostasis of myeloid cell in mice (Zhang et al. 1996).

During early development (before ES8), expression of Runx1 is restricted to blood
islands of the YS. Later the Runx* committed microglial progenitors migrate to CNS
during early embryonic life before the development of the nervous system and
vascularization and then differentiate into microglia. At this point, these naive
Runx* microglia bear amoeboid morphology and undergo extensive proliferation.
The Runx expression is maintained in these cells even after they exit the cell cycle
and is lost progressively with their phenotypic transformation from amoeboid to
ramified, which occurs around postnatal day 10 in mice (Ginhoux et al. 2010).

RunxI regulates the expression of several genes related to hematopoietic devel-
opment. PU.1, a member of the Ets (E-twenty-six) family of transcription factors
(Rosenbauer and Tenen 2007), is a key factor directly regulated by Runx1 during
both embryonic and adult hematopoiesis (Huang et al. 2008). PU.1, an essential
myeloid lineage-determining transcription factor, is dynamically expressed in vari-
ous myeloid origin cells, like macrophages, neutrophils, mast cells, B cells, and
microglia (Nayak et al. 2014). PU.1 expression is necessary for the early develop-
ment of YS microglia precursors, as evident from the fact that in mice lacking PU.1,
all the microglia and CNS macrophages are absent although the uncommitted C-Kit*
EMP cells remain unaffected (Beers et al. 2006; Kierdorf et al. 2013; Goldman et al.
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2016). Moreover, both resting and activated microglia in rodents and humans show
constitutive expression of PU.1 (Walton et al. 2000; Smith et al. 2013). PU.1
deficiency thus interferes in the maturation of YS-derived myeloid progenitors
because in the absence of PU.1, they fail to express mature myeloid differentiation
markers such as CSFIR, CD11b, and CD64 (Olson et al. 1995).

In addition to Runx1 and PU.1, interferon regulatory factor 8 (IRF8) is another
master transcription factor which is expressed in myeloid lineage cells and is
required in the cell fate decision of murine myeloid cells (Holtschke et al. 1996;
Ginhoux et al. 2010; Kierdorf et al. 2013). IRF8 is a constitutively expressed nuclear
factor in microglia, and its expression is crucial for the phenotypic determination of
these cells (Minten et al. 2012). Microglial development is impaired when IRFS is
knocked out in mice (Kierdorf et al. 2013; Shiau et al. 2015). IRF8 is known to
function both as a heterodimeric complex with PU.1 and independently as down-
stream target (Taniguchi et al. 2001; Kierdorf et al. 2013). Kierdorf and their group
(2013) also demonstrated that experimental deletion of PU.1 in microglia leads to
downregulation of IRF8. They also reported that both PU.1 and IRF8 are crucial for
the proper development of microglia at A1 and A2 levels. PU.1 deletion leads to the
complete absence of microglia, while IRF8 ablation results in an overall decrease in
the density of microglia. Because PU.1, which is expressed exclusively in
hematopoietic cells and is required for myeloid cell development, results in the
reduction of the number of both A1 and A2 progenitor cells, the IRF deficiency leads
to the reduction in A2 cell population, suggesting that both the factors act indepen-
dently and IRFS is specifically required for the generation of A2 cells (Kierdorf et al.
2013). More recently, the role of IRF8 in the maturation of microglia has been
established with transcriptome-based profiling of YS-derived macrophages through-
out the developmental phase and adulthood (Hagemeyer et al. 2016).

Apart from these three master transcription factors, other factors like Spalt-like
transcription factors 1 and 3 (SALLI1, SALL3), MEIS3 (Meis homeobox 3), and
MAFB (MAF BZIP transcription factor B) are also involved in the development and
function of microglia and maintenance of homeostasis of microglia during adult life
(Mass et al. 2016; Matcovitch-Natan et al. 2016; Gosselin et al. 2017). SALLI is
expressed exclusively in microglia and helps in maintaining them in steady state by
repressing a transcriptional program, as its deletion triggers their phenotypic transi-
tion to an inflammatory reactive state (Buttgereit et al. 2016).

More recently, small non-coding microRNAs (miRNAs) have also been found to
participate in the development of microglia as regulatory factors. These miRNAs are
expressed from early embryogenesis to adulthood and play an important role in gene
expression (Gangaraju and Lin 2009). miR-124 is expressed specifically in CNS and
is known to regulate adult neurogenesis and neuronal differentiation (Yu et al. 2008;
Cheng et al. 2009). miR-124 is also highly expressed in resident microglia and plays
a significant role in maintaining them in quiescent state by directly inhibiting the
transcription factors C/EBPa and PU.1, thus preventing them from acquiring reac-
tive phenotypes (Ponomarev et al. 2011). The deficiency of miRNAs directly
switches the microglia to assume activated states (Varol et al. 2017).
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3.2 Extrinsic Factors Required for Microglia Development
and Homeostasis

Many signaling growth factors and intercellular interactions are also known to
influence the differentiation, maturation, and fate decisions of these cells.
Transforming growth factor g (TGFp), colony-stimulating growth factor-1
(CSF-1), and interleukin-34 (IL-34) are known to influence the development of
microglia, by promoting their survival as observed from in vitro studies (Butovsky
et al. 2014; Bohlen et al. 2017). TGFp signaling has been reported to induce the
expression of molecular microglial signature genes and microRNA both in mice and
in human that are typical of adult microglia and facilitates to distinguish them from
other infiltrating macrophages in the CNS (Butovsky et al. 2014). It was further
reported that withdrawal of TGFf from culture medium led to the reduction in the
number of microglia mainly due to the increase in apoptosis of these cells, signifying
the role of TGFp signaling in the survival and maintenance of microglia in vivo
(Butovsky et al. 2014). TGFS and its receptors are highly expressed in microglia
(Butovsky et al. 2014) but at low levels in both neurons and glial cells (Flanders et al.
1991; Hamby et al. 2010). Mice deficient in TGFf lack microglia, develop synaptic
abnormalities and motor dysfunctions typical of neurodevelopmental disorders
(Paolicelli et al. 2011; Butovsky et al. 2014), and may die by 3 weeks of age due
to severe multifocal auto-inflammatory disorder (Shull et al. 1992).

Other signaling molecules critically required for microglial differentiation in both
developing and adult mice are CSF-1, IL-34, and their receptor CSF-1R (Ginhoux
et al. 2010; Nayak et al. 2014; Lopez-Atalaya et al. 2018; Prinz et al. 2017). CSF-1R
is a growth factor receptor for hematopoietic cells and is expressed in YS
macrophages and microglia at E9.5, is maintained throughout development, and is
essentially required for the development and differentiation of EMPs into microglia.
Natural null mutation to Csf-Ir and Csf-1 genes shows a dramatic reduction in the
number of tissue macrophages and microglia (Dai et al. 2002; Ginhoux et al. 2010;
Erblich et al. 2011). This suggests that CSF-1R signaling plays a key role in
microglial homeostasis in mice in vivo (Pixley and Stanley 2004) by driving the
differentiation of early YS progenitors into microglia (Metcalf 1985) and/or by
providing a survival signal for the differentiating macrophages (Lagasse and
Weissman 1997). Ginhoux and his group, in 2010, observed that microglial devel-
opment is affected more by the absence of CSF-1R than its ligand CSF-1, leading to
the identification of its second ligand, IL-34. IL-34, a neuron-derived cytokine
highly expressed in postnatal mouse brain, was found to have a profound role in
the development of microglia (Wang et al. 2012). IL-34 bind to CSF-1R even with
higher affinity but at sites different than CSF-1 (Chihara et al. 2010) and are found to
be highly conserved in mammalian and avian species than CSF-1. This suggests the
significant role of CSF-1R signaling in homeostasis which was also confirmed in
IL-34 knockout mice (Garceau et al. 2010; Greter et al. 2012; Wang et al. 2012).
Moreover, the absence or blockade of CSF-1R in the YS macrophages impairs
microglial differentiation in embryos (Ginhoux et al. 2010). In addition, DNAX
activation protein 12 (DAP12), an adaptor protein for CSF-1R, and a triggering
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receptor expressed on myeloid cells (TREM2) have also been reported to play a role
in the genesis of microglia, as evident from the delay in the differentiation and
migration of microglia in the developing CNS in DAP12- or TREM2-deficient mice
(Nataf et al. 2005). In such conditions, these mice develop osteopetrosis due to lack
of osteoclasts (Kaifu et al. 2003; Neumann and Takahashi 2007). Humans with
mutation in DAP12 or TREM2 gene develop the Nasu-Hakola disease featured by
bone cysts, fractures, and psychotic symptoms, leading to severe neurodegeneration
and encephalopathy (Paloneva et al. 2000). In sum, all the above evidences clearly
indicate the importance of various transcriptional regulators and growth factors in
driving the differentiation and maturation of YS progenitors into the typical
microglia of the developing CNS.

4 Colonization, Distribution, and Terminal Differentiation
of Microglia in Developing Brain Parenchyma

In humans, the amoeboid microglia specified by the expression of Ibal, CD68,
CD45, and MHCII enter the cortical plate by 4.5 weeks of gestation via pial surface
and ventricles to seed the brain rudiment during early fetal life (Rezaie 2003; Rezaie
et al. 2005; Monier et al. 2007) and then gather in clusters near or within developing
white matter and proliferate extensively (Verney et al. 2010). In addition to vascu-
larization, the timings of microglial colonization correspond well with the formation
of radial glia, neuronal migration, and myelination. The microglia thus migrate along
radial glia, axonal tracts, and vasculature to distribute into various CNS regions
(Rezaie et al. 1999; Monier et al. 2007; Pont-Lezica et al. 2011; Mosser et al. 2017).
As they reach to their final location, they start differentiating into ramified morphol-
ogy, assume full ramified appearance by 35 weeks of gestation (Esiri et al. 1991;
Kostovic and Judas 2002), and acquire their spatial territories with a very little
overlap by the first few weeks after birth (Harry 2013). A similar pattern of coloni-
zation and distribution of microglia has been observed in mouse. Once they reach to
their final location, they differentiate into process bearing ramified phenotypes. Only
a limited number of proliferative and motile amoeboid microglial progenitors are
first seen in the meninges and the lateral ventricles between E10 and E12, and they
then migrate along tangential and radial pathways to colonize all CNS regions
(Sorokin et al. 1992; Swinnen et al. 2013; Mosser et al. 2017). By GD15-16,
F4/80" cells appear in the brain parenchyma which then become ramified by
GD18-19 and gradually become more ramified and differentiate completely (Perry
et al. 1985; Kaur and Ling 1991). These cells maintain their proliferative potential
and expression of CD34, CD45, and protein tyrosine phosphatase receptor type C
(PTPRC) indicating their myeloid lineage throughout embryonic life (Davoust et al.
2006) or may even after birth, by the first postnatal week (Hristova et al. 2010).
Recent reports by Askew and group (2017) suggested the infiltration of FL-derived
monocytes in the brain peaking at P3, but these monocytes do not contribute to the
adult microglial population as they soon undergo apoptosis. This suggests the
intrinsic inability of the FL-derived monocytes to differentiate into mature ramified
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microglia (Ginhoux et al. 2013). Subsequent fate mapping studies finally ruled out
the contribution of monocytes in the adult microglial pool (Hoeffel et al. 2015;
Sheng et al. 2015) and confirm that the adult microglia are derived from early YS
progenitors only (Askew et al. 2017).

The microglial infiltration into the subventricular and ventricular zone of the
cortex is facilitated by two main factors: (a) microglia NADH oxidase, Nox2, which
generates superoxide ions and regulates CSF-1R/VEGFR-1 (vascular endothelial
growth factor receptor-1)-mediated microglial chemotaxis (Lelli et al. 2013), and
(b) production of chemokine CXCL12 (stromal cell-derived factor) by Trb2" inter-
mediate neural progenitors, favoring the recruitment of microglia in the SVZ (Arno
et al. 2014). The migration of microglia during embryogenesis is also regulated by
matrix metalloproteinases (MMP-8 and MMP-9) secreted by microglia themselves
that remodel the extracellular matrix and facilitate their migration and expansion
(Kierdorf et al. 2013). Other factors reported to guide their migration include
gradients of guidance cues, semaphorins and netrins (Spassky et al. 2002),
chemoattractant molecules such as MCP1, MIP-1a (Rezaie et al. 2002), CXCL12
(Arno et al. 2014), or ligands of CSF-1R and VEGFR1 (Lelli et al. 2013). Finally,
during postnatal life, microglia reach their final destinations in the CNS parenchyma
by expressing CX3CR1 which interacts with neuronally derived chemoattractant,
fractalkine CX3C1 (Hoshiko et al. 2012; Arnoux and Audinat 2015). In addition,
several signals originating from neurons undergoing apoptosis/programmed cell
death (PCD) during embryonic and postnatal development or axonal degeneration
also attract microglia (Perry et al. 1985; Rakic and Zecevic 2000). This is supported
by a number of investigations showing the close association of microglia with
apoptotic neurons in various CNS regions, like the neocortex (Upender and Naegele
1999), cerebellum (Marin-Teva et al. 2004), retina (Moujahid et al. 1996), hippo-
campus (Wakselman et al. 2008), and spinal cord (Rakic and Zecevic 2000).
However, there are a few reports that even oppose the dependence of microglia
colonization in the CNS on neuronal apoptosis (Eyo et al. 2015).

During embryonic development, microglial progenitors possess high proliferative
potential as observed in the spinal cord, corpus callosum, hippocampus, and retina
(Dalmau et al. 2003; Alliot et al. 1991; Rigato et al. 2011, 2012). Active proliferation
of these progenitors essentially contributes to the colonization of microglia in the
brain parenchyma. The process of proliferation is tightly regulated by various
signaling factors including granulocyte macrophage colony-stimulating factor
(GM-CSF), CSF-1, neurotrophin-3 (NT3), interleukins 4 and 5 (IL-4, IL-5), etc.
(Navascues et al. 2000). Cell death in the developing brain also triggers microglial
proliferation by the upregulation of a mitogenic cytokines and macrophage
migration-inhibiting factor (MIF; Arno et al. 2014). The proliferation of microglia
is extended into early postnatal life (Arnoux et al. 2013) and then gradually
decreases and becomes stable by the second to third weeks postnatally in rodents
(Marin-Teva et al. 1999). Once stable, the population of microglia is maintained
throughout postnatal and adult life by a finely tuned balance between proliferation
and apoptosis (Askew et al. 2017).
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In humans, the fully developed microglia are observed by 35 weeks of gestation
(Esiri et al. 1991) and then spread throughout the brain to occupy defined spatial
territories during the first 2 weeks after birth (Rezaie and Male 2003). This specifies
the area of surveillance for each cell. In this process, the amoeboid microglia
decrease in number, while the highly ramified microglia bearing long thin branched
processes increase (Wu et al. 1994; Monier et al. 2006). On the contrary, such
transition in rat and mice is initiated by GD18-19 with the appearance of ramified
F4/80™ cells in brain parenchyma. These cells become gradually more ramified to
become fully differentiated during the first postnatal month (Perry et al. 1985; Kaur
and Ling 1991; Orlowski et al. 2003). By PND15, the ramified microglia are seen
throughout the brain parenchyma with clearly demarcated boundaries and minimal
overlap (Perry et al. 1985).

During the late embryonic and first 2 weeks of postnatal development,
periventricular white matter microglia highly express Runx1. During this phase,
Runxl1 is involved in the transition of microglia from activated amoeboid states to
the deactivated ramified states (Zusso et al. 2012). Runx proteins are known to
coordinate the cell cycle exit with the gradual progression to a more developmentally
mature state in many cell lineages (Kagoshima et al. 2007; Appleford and Woollard
2009). Thus, Runx1 in postnatal brain represses the proliferative ability of amoeboid
microglia via a mechanism that secures the transition from actively proliferating
amoeboid state to a slowly dividing typical ramified microglia (Ajami et al. 2007). In
addition, the signals derived from mature neurons are also reported to promote the
differentiation of immature amoeboid microglia to process bearing mature microglia.
This suggests that interactions of microglia with neurons and withdrawal of signals
coming from apoptotic neurons may be related with their maturation (Kostovic and
Judas 2002). Further research suggests that maturation of microglia clearly coincides
with the maturation of neurons, astrocytes, and oligodendrocyte population,
suggesting that all these cells depend on each other for their maturation (Harry and
Kraft 2012).

By birth, only 30% of the early microglial progenitors with amoeboid morphol-
ogy persist in the rodents which finally differentiate and contribute to the mature
ramified microglial population (Wang et al. 2002). During PND5-15 (critical period
of postnatal microglial development), microglia gradually accumulate and escalate
their number drastically with an increased ratio of ramified/amoeboid. The ramified
microglia bear more complex process arbors and cytoplasmic material. In the later
part of the maturation window, i.e., by PND15, microglia begin to adopt a mature
phenotype, become highly ramified, and get well distributed throughout the brain,
enabling surveillance of the majority of parenchyma. These microglia have reduced
proliferative ability, show more heterogeneity, and express specific set of cell surface
markers typical of mature microglia (Harry and Kraft 2012). After a peak, the
microglia numbers decrease to adult level in the third postnatal week (Nikodemova
et al. 2015). By PND20, the steady-state microglial population is well established
and remains stable till there is any stimulation or disturbance, with no evident
proliferation or turnover from systemic population. The final stage of microglial
maturation involves intense ramification of microglial processes which provides
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microglia the ability to initiate synaptic pruning functions, essentially required for
neural circuit formation (Paollicelli et al. 2011). Amoeboid microglia of the devel-
oping brain, however, suggest that they are in activated states, but they differ the
activated adult microglia seen in inflammatory and neurodegenerative diseases in
terms of their gene expression profile (Lenz and Nelson 2018).

Resting/ramified microglia in the mature CNS evenly tile the CNS parenchyma,
participate in the formation of a complex cellular architecture, and constantly survey
the local territories (Nimmerjahn et al. 2005). Such tiling pattern is largely
established during the seeding of early YS-derived progenitors (Ginhoux et al.
2010). The long-standing view that homogenous population of microglia tile the
entire brain and perform the same functions in all brain regions has been challenged
with more recent data suggesting that microglia represent a population of complex
and functionally diverse cells (Lopez-Atalaya et al. 2018). Such microglial hetero-
geneity develops during both postnatal life and adulthood as a result of signaling
from local environmental cues that continuously instruct and shape the identity of
microglia into region-specific phenotypes (De Biase et al. 2017). Constant interac-
tion with these environmental factors is required to support their phenotypes,
identity, and plasticity (Lopez-Atalaya et al. 2018) although the nature of these
signals is largely unexplored.

Matcovitch-Natan and group in 2016 classified the microglial development into
three transcriptional stages in addition to YS stage, i.e., early (E10.5-E14), pre-
(E14-P9), and adult (4 weeks onward after birth) microglia, by doing RNA sequenc-
ing to measure the gene expression of YS myeloid progenitors and microglial
progenitors and microglia in brains at various stages of embryonic and postnatal
development as defined above. From these studies, they suggested that a number of
genes are differentially expressed in microglia across developmental timeline
reflecting their stage-related activities in the brain. Moreover, the temporal expres-
sion profile of microglial development consists of two major transitions, from i)
early microglia to pre-microglia around E13.5-E14.5 and ii) pre-microglia to adult
microglia, a few weeks after birth. These transitions are controlled by coordinated
transcriptional events and are susceptible to even subtle genetic or environmental
perturbations which can disrupt the stage-specific functions of developing/maturing
microglia causing disturbed brain homeostasis and may even lead to
neurodevelopmental abnormalities (Matcovitch-Natan et al. 2016).

Under normal physiological conditions, expression of microglia-enriched genes
sets the maturation of microglia. These genes are also known as microglial homeo-
static markers in the mature microglia (Beutner et al. 2013; Butovsky et al. 2018;
Masuda et al. 2020a, b) and include Tmem119, Olfmi3, P2yri2, Salll, Hexb, Gpr34,
Fcrls, or SiglecH. These genes are upregulated during the first 2 weeks of postnatal
life in mice and are essentially required for mediating microglial functions under
normal physiological conditions (Butovsky and Weiner 2018; Spittau et al. 2020)
and correspond well with the activation of TGFf signaling, which is peaked at P7 in
mice and precedes to upregulate the microglia-specific markers (Bennett et al. 2016;
Attaai et al. 2018). TGFp derived from neurons (TGFf1) and NG2 glia (TGFA2) is
known to initiate the process of postnatal microglial maturation (Attaai et al. 2018;
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Zoller et al. 2018; Liu and Aguzzi 2019). Thus, the current view is that TGFp
signaling is critically required for microglial development and maturation (Spittau
et al. 2020; Wurm et al. 2021). The impairment in TGEf signaling by deletion of its
receptor causes loss of microglia maturation, and lack of expression of microglial
homeostatic marker genes rather results in the expression of marker genes expressed
in primed, aged, and immune-activated microglia (Holtman et al. 2015; Zoller et al.
2018). More so, the affected microglia exhibit the activated phenotypes, suggesting
the role of TGFf in the regulation of microglial activation (Zoller et al. 2018; Arnold
et al. 2019). In animal models of Alzheimer’s and Parkinson’s diseases, TGEFf
signaling was effective in combating neuroinflammation and promoting
neuroprotection, further specifying its role in the regulation of microglial activation
(Chen et al. 2015, 2017). In addition to neuronally derived TGFf, IL33 derived from
astrocytes and presence of CD4+ T cells have also been found to trigger postnatal
microglial maturation (Vainchtein et al. 2018; Pasciuto et al. 2020).

In addition to TGFp signaling, neurons and microglia also interact through other
receptor-ligand interactions during microglial development, viz., CD200/CD200R
(Lyons et al. 2007; Shrivastava et al. 2012) and CX3CL1/CX3CR1 (Cardona et al.
2006) signaling, that are required to maintain microglia in normal physiological
quiescent state and prevent their activation.

5 Microglial Markers to Study Their Phenotype, Distribution,
and Functions

Microglial markers include proteins that are either intracellular or secreted or
expressed on their surface. These marker proteins usually help us to discriminate
them from peripheral macrophages. The general microglial markers are transmem-
brane protein 119 (TMEM119), purinergic receptor P2Y 12R (Butovsky et al. 2014),
ionized calcium binding adaptor molecule 1 (Iba 1; Yun et al. 2018), glycoprotein
F4/80 (Lin et al. 2005), complement receptor 3 (CR3/Cd11b; Jeong et al. 2013),
cluster of differentiation (CD) receptors (Cd14, CD45, CD68, CD80, and CD115),
HLA-DR, a MHC class II cell surface receptor (Zanoni et al. 2011; Fadini et al.
2013; Jenkins et al. 2013; Rice et al. 2017; Jurga et al. 2020), fractalkine receptor
CX3CR1 (Jones et al. 2010), ferritin (Holland et al. 2018), high affinity immuno-
globulin epsilon receptor subunit gamma (FCER1G), and vimentin (Mukherjee et al.
2016). Most of these markers are common to both resting and activated microglia,
and the activated microglia can be distinguished by the upregulated expression of
these marker proteins. In steady-state microglia, CD45 levels are much lower than
the perivascular macrophages, and thus it appears to phenotypically distinguish the
two populations (Greter and Merad 2012). The microglial phenotyping has revealed
a great heterogeneity in terms of (a) ratio/density in different regions of brain with
highest in the forebrain and lowest in the cerebellum and (b) their cellular morphol-
ogy, compact with small round cell soma and short thick processes/elongated cell
body with long processes/radially branched cells (Lawson et al. 1990; Das Sarma
et al. 2013). In addition, the microglia also differ on the basis of the set of protein
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Fig. 1 Schematic diagram showing the development of microglia in the central nervous system
from the YS progenitors along with the transcription factors, signaling molecules and growth
factors involved in lineage commitment of the myeloid cells, and the fate determination and the
acquisition of cellular identity of the mature ramified microglia

markers expressed in different brain regions (Bottcher et al. 2019; Masuda et al.
2020a, b). Greater spatial and temporal microglial diversity has been reported in the
human brain than in rodents (Bottcher et al. 2019; Masuda et al. 2019). The human
and rodent microglia also differ in some of their marker proteins (Jurga et al. 2020).
The development of microglia from the YS progenitors, guided by a number of
transcription factors, signaling molecules, and growth factors involved in lineage
commitment of the myeloid cells, and the fate determination and the acquisition of
cellular identity of the microglia have been summarized in Fig. 1.

6 Perturbations in Microglial Development
and Consequences

Microglia are the active players in shaping the developing nervous system by
playing active roles in pruning and modifiability of synaptic connections, regulation
of neural circuitry formation, neuronal survival, myelination, stability and mainte-
nance of synaptic connections, etc. (Paolicelli et al. 2011; Ueno et al. 2013;
Hagemeyer et al. 2017; Wang et al. 2016). Thus, any perturbation in the develop-
ment and maturation of microglia will have deleterious effects on the development of
CNS during embryonic and postnatal life.

TGFp signaling is essential for microglial maturation during critical postnatal
window, as described (vide supra). Defects or depletion of TGFf signaling has been
reported to severely affect the postnatal myelination of gray and white matter tracts
by interfering with the maturation of oligodendroglia and result in interneuron loss
and severe neuromotor dysfunctions and spasticity, typical of many human
neurodevelopmental disorders. Such defects are mediated by arrest of microglial
maturation and persistent activation of dysmature microglia in the absence of TGFf
signaling (Arnold et al. 2014, 2019).
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Mutations in a number of microglia-related genes are known to affect early brain
development and cause diseases named as microgliopathies associated with
neuropsychiatric and neurological disorders (Rademakers et al. 2012). The Nasu-
Hakola disease (NHD) and hereditary diffuse leukoencephalopathy with spheroids
(HDLS) are human microgliopathies resulting from mutations in genes expressed in
developing microglia. NHD is a rare autosomal microgliopathy caused by a reces-
sive mutation in DAP12 or triggering receptor TREM2 gene and is characterized by
bone cysts, bone fractures, and psychotic symptoms, leading to severe
neurodegeneration and encephalopathy (Paloneva et al. 2001; Bianchin et al.
2004). These genes in CNS are expressed by microglia and are required for their
proper development and functioning as well as long-term preservation (Roumier
et al. 2004; Wakselman et al. 2008; Otero et al. 2009). Genetic analysis of DAP12-
deficient microglia indicates the downregulation of a number of genes involved in
neurite formation (Pont-Lezica et al. 2014) and their ability to clear apoptotic
neurons in culture and in developing mouse CNS (Takahashi et al. 2005; Wakselman
et al. 2008). Thus, compromised TREM2-DAP12 signaling during prenatal life may
lead to the generation of dysfunctional microglia causing defects in synaptic
functions as well as axonal growth and guidance, triggering behavioral and cognitive
abnormalities and dementia (Tay et al. 2018). HDLS, another microgliopathy and a
rare autosomal dominant disease, is caused by mutation in tyrosine kinase domain of
CSFIR. CSFIR is expressed in microglia and is essential for their development and
homeostasis (Rademakers et al. 2012). But how the CSF1R mutation is involved in
the disease causation is not known. In vitro studies suggest that DAP12 directly
regulate the ability of CSFIR to control the survival and proliferation of
macrophages (Otero et al. 2009). This suggests a defect in common signaling
pathway in both NHD and HDLS induced by respective mutation in DAPI12,
TREM?2, or CSFIR genes (Tay et al. 2018). Other microglial-related genes
implicated in neurological disorders are CD33 in Alzheimer’s disease (Hollingworth
etal. 2011; Griciuc et al. 2013); TREM2 in frontotemporal dementia (Guerreiro et al.
2013); IRF8 in multiple sclerosis (De Jager et al. 2009); MECP2 gene encoding the
transcription repressor methyl-CpG-binding protein 2, in Rett syndrome (Amir et al.
1999; Schafer et al. 2012); and Hoxb in obsessive-compulsive disorder (Chen et al.
2010). Microglial abnormalities/dysfunctions have also been linked with other
neurodevelopmental disorders, like autism spectrum disorder (ASD) and
obsessive-compulsive disorder (OCD; Morgan et al. 2010; Lee et al. 2017).

Maintenance and expansion of microglia in physiological conditions are solely
dependent on their self-renewal ability that is highly susceptible to environmental
challenges, stress, and infections during development leading to changes in
microglial activity that persists through adulthood. Such alterations in microglial
functions have been extensively associated with defects in synaptic maturation and
circuitry formation that makes the developing system more vulnerable to mental
illness (Paolicelli and Ferretti 2017). This was demonstrated in perinatal immune
activation models by inducing viral or bacterial infections in rodents (Giovanoli et al.
2013; Patro et al. 2013; Paolicelli and Ferreti 2017; Baghel et al. 2018; Sarkar et al.
2020), characterized by an increased number of activated microglia and upregulation
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of pro-inflammatory cytokines, IL-13, and TNF-« in the hippocampus. Intermittent
and maternal separation stress animal models also suggest the similar changes in
microglia leading to the increase in number, density, and surface area of microglia
with high phagocytic activity in the hippocampus (Delpech et al. 2016; Paolicelli
and Ferretti 2011). Moreover, the microglia remain in prime states, loose their
physiological functions, acquire phagocytic phenotype, and show a heightened
response to a subsequent stimulus (Diz-Chavas et al. 2013; Paolicelli and Ferretti
2017). These early life adversities leave long-lasting effects in many brain areas, and
the pups develop syndrome simulating depression and anxiety (Mintz et al. 2005;
Nishi et al. 2014; Sarkar et al. 2019). In all, it appears that the multiple pathogenic
factors acting synergistically might be involved in the development of psychiatric
diseases (Prinz and Priller 2014). Microglia-mediated neuroinflammation and syn-
aptic defects due to early life adversities have been associated with various human
neurological diseases and disorders, viz., periventricular white matter damage,
cerebral palsy, autism spectrum disorders, schizophrenia, epilepsy, and perinatal
stroke (Prinz and Priller 2014; Paoliceli and Ferretti 2017).

7 Perspectives

The origin and development of microglia have been explored to a great extent;
however, a better understanding of the factors involved in the homeostasis, matura-
tion, and guidance of the spatiotemporal specification of microglial phenotypes will
enlighten the way for in vitro generation of microglia, expressing typical microglial
signature genes and functions similar to CNS microglia. This will be helpful in
exploring possibilities and designing protocols for the generation of human
microglia live cells from human-induced pluripotent cells for future microglia
replacement strategies (Wurm et al. 2021). A detailed understanding of
transcriptome and epigenetic changes in microglial activation and microgliopathies
will help us to design immunomodulatory therapies for CNS disorders and effective
new treatments to combat the neurodevelopmental disturbances.
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Abstract

There is an increasing interest in the central role of astrocytes in CNS injury and
disease. They react to injury by the increased expression of a variety of proteins,
which causes their transformation into “reactive” astrocytes, a state with specific
structural and functional characteristics. The responses of reactive astrocytes vary
in a context-dependent manner. Reactive astrocytes release a wide variety of
extracellular molecules, including inflammatory modulators, chemokines and
cytokines, and various neurotrophic factors that can be either neuroprotective or
neurotoxic, influencing neural function, regulation of blood flow, synaptic func-
tion, and plasticity. In CNS pathologies, reactive astrocytes represent a double-
edged sword; on the one hand, they worsen the extent of injury due to the release
of pro-apoptotic substances and Ca2+, while, on the other hand, they contribute to
regenerative processes during the chronic phase of injury. The interplay between
the neuroprotective and neurotoxic effects of reactive gliosis determines effect on
cognitive function. Unravelling the variety of signaling pathways that modulate
astrocyte activation may contribute to the development of novel therapeutic
strategies that could decrease the negative influence of astrocytes while enhanc-
ing their positive effect on the outcome of pathological processes.

In a detailed morphologic and morphometric study of a large number of cases
of CNS infections (including tuberculous meningitis and cryptococcal meningi-
tis) diagnosed and archived at our center, the alterations in microglia and
astrocytes were evaluated. In tuberculous meningitis, the activated microglia
and astrocytes displayed hypertrophy and hyperplasia, aggregating in proximity
to the meningeal exudates. In cases of cryptococcal meningitis, reactive changes
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were less prominent, though activation of both cellular elements was found.
Association of HIV with these opportunistic infections resulted in muted glial
and microglial response. The reactive astrocytes and microglia following oppor-
tunistic infection developed dystrophic changes heralding senescence. Both
astroglial and microglial cells also expressed caspase-3, a pro-apoptotic marker,
following HIV and opportunistic infections. Neurocognitive sequelae are increas-
ingly being recognized as long terms sequelae of survivors of CNS infections. It
is tempting to speculate that blocking the astrocytes’ metamorphosis into toxic
cells or pharmacological blockade of toxic substances might modulate/prevent
the long-term neurocognitive sequelae in survivors. Teasing apart these complex
cellular interactions remains an important step towards fully understanding the
molecular pathogenesis of CNS-infections. This will help translate to rational
design of new medicines and therapeutic vaccines.

Keywords

Reactive astrogliosis - Meningitis - Encephalitis - Abscess

1 Introduction

Neurocognitive sequelae are increasingly being recognized as long terms
consequences in survivors of CNS infections. Astrocytes the most abundant cell
type in the CNS can be both infected by or act as responder to infectious agents.
Astrocytes are known to integrate numerous homeostatic functions in the CNS, and
their infection inevitably affects neighboring cells, especially neurons. Astrocytes
regulate innate and adaptive immune responses in the CNS under pathological
conditions. Following antigen recognition, astrocytes participate in the initiation of
innate immune responses and prompt an adaptive immune response to recruit
peripheral immune cells (Geyer et al. 2019). They react to injury by the increased
expression of a variety of proteins, which causes their transformation into “reactive”
astrocytes, a state with specific structural and functional characteristics. The
responses of reactive astrocytes vary in a context-dependent manner. Reactive
astrocytes release a wide variety of extracellular molecules, including inflammatory
modulators, chemokines and cytokines, and various neurotrophic factors that can be
either neuroprotective or neurotoxic, influencing neural function, regulation of blood
flow, synaptic function, and plasticity. In CNS pathologies, reactive astrocytes
represent a double-edged sword; on the one hand, they worsen the extent of injury
due to the release of pro-apoptotic substances and Ca2+, while, on the other hand,
they contribute to regenerative processes during the chronic phase of injury. The
interplay between the neuroprotective and neurotoxic effects of reactive gliosis
determines effect on cognitive function. Unravelling the variety of signaling
pathways that modulate astrocyte activation may contribute to the development of
novel therapeutic strategies that could mitigate the negative influence of astrocytes
while enhancing their positive effect on the outcome of pathological processes.



Biology of Astrocytes in CNS Infection 173

2 Reactive Astrogliosis

Reactive astrogliosis includes a spectrum of changes that occur in response to all
forms and severities of CNS injury and disease, along a gradated continuum
regulated in a context-specific manner by inter- and intracellular signaling
molecules. These have the potential to alter astrocyte activities, either through gain
or loss of functions that can impact either in a beneficial or detrimental manner on the
surrounding neural and nonneural cells (Sofroniew 2009). Astrocytes are ubiqui-
tously present in the CNS in nonoverlapping domains within the gray matter. Similar
domains are also hypothesized to exist in the white matter, although not extensively
studied. In healthy CNS tissue, not all astrocytes express detectable levels of glial
fibrillary acidic protein (GFAP). Reactive astrogliosis is a defense mechanism which
fulfils the following actions: isolate the damaged area from the rest of the CNS
tissue, reconstruct the damaged blood brain barrier, and facilitate the remodeling of
brain circuits in areas surrounding the lesion (Raivich et al. 1999). The biochemical
hallmark of reactive astrogliosis is the upregulation of the synthesis of intermediate
filament proteins GFAP and vimentin. Brain damage very rapidly transforms most of
the astroglial cells into GFAP-positive reactive astrocytes. Reactive astrogliosis is
classified into three broad categories which transition along a graded continuum.

Mild to moderate reactive astrogliosis: It is characterized by upregulation of
GFAP and its expression by most astrocytes, along with hypertrophy of cell body
and processes within the individual domains, with nonoverlapping processes. If the
trigger is withdrawn, this form can undergo resolution (Sofroniew and Vinters
2010). In the context of infection, this occurs with diffuse innate immune activation
following viral or bacterial infections.

Severe diffuse reactive astrogliosis: This form is depicted by prominent up
regulation and expression of GFAP, along with proliferation of astrocytes. There
is no respect for individual domains with overlapping of astrocytic processes. It is
associated with substantial restructuring of tissue architecture which persists after
withdrawal of stimulus (Sofroniew and Vinters 2010). It is seen surrounding focal
infectious process.

Severe reactive astrogliosis with compact glial scar formation: Formation of
dense compact glial scar results due to marked overlapping of astrocyte processes
and disruption of domains. Scars form along the borders of severe tissue damage and
serve as neuroprotective barriers to inflammatory cells and infectious agents. The
scar is reinforced by fibromeningeal and other glial cells with deposition of a dense
collagenous extracellular matrix (Sofroniew and Vinters 2010; Voskuhl et al. 2009).
Obvious example of this process is the capsule surrounding an abscess.

3 Subtypes of Astrocytes
Morphologic heterogeneity within astrocytes was first described by Cajal over a

century ago. Based on the structure and anatomic location, astroglia have been
broadly categorized as protoplasmic astrocytes in the gray matter and fibrous
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astrocytes in the white matter (John Lin et al. 2017; Miller 2018). Another morpho-
logical change in astrocytes seen in either reactive or neoplastic conditions is termed
as the gemistocytic astrocyte, wherein due to increased production of GFAP, they
acquire abundant homogeneous-looking eosinophilic cytoplasm and eccentrically
placed nuclei (Vinters and Kleinschmidt-DeMasters 2015). Apart from morphologic
heterogeneity, reactive astrocytes also display genomic heterogeneity in response to
specific stimuli. Genomic profiling of mice reactive astrocytes treated with systemic
injection of lipopolysaccharide (LPS) (to induce neuroinflammation) or middle
cerebral artery occlusion (to induce cerebral ischemia) revealed two main subtypes
which were either detrimental or beneficial (Zamanian et al. 2021). These were
termed as “A1” and “A2” (in analogy to the “M17/*M2” macrophage nomenclature)
(Liddelow and Barres 2017).

4 A1 Subtype

* Al constitutes the neuroinflammatory subtype (seen following injection of LPS)
characterized by upregulation the initial part of the classical complement cascade
(Clr, Cls, C3, and C4) (Liddelow and Barres 2017).

* Microglia induce Als by releasing three cytokines: interleukin 1 alpha (IL1a),
tumor necrosis factor alpha (TNFa), and the complement component subunit 1q
(Clq) (Liddelow et al. 2017).

* This subtype shows loss of normal functions of astrocytes (decreased ability to
induce synapse formation and function, a loss of ability to phagocytose synapses,
and a loss of ability to promote neuronal survival and growth) and toxic gain of
new function (secretion of a yet-to-be-identified neurotoxin that induces apopto-
sis of neurons and oligodendrocytes). They are also responsible for the death of
axotomized CNS neurons (Liddelow and Barres 2017). In addition, aged
astrocytes display reactive phenotype of neuroinflammatory Al-like reactive
phenotype which could contribute to the cognitive decline with aging (Clarke
et al. 2018).

e Genes induced in Al astrocytes include C3, H2-T23, SERPINGI, H2-DlI,
GGTA1, IIGP1, GPP2, FBTLNS, PSMBBS8 (Miller 2018; Zamanian et al. 2021).

* Al neuroinflammatory reactive astrocytes might be induced by NF-xB (nuclear
factor kappa light-chain enhancer of activated B cells) signaling which is
activated in response to infectious agent (Liddelow and Barres 2017; Liu et al.
2017).

5 A2 Subtype

e A2 constitutes ischemia induced subtype (seen following middle cerebral artery
occlusion) characterized by upregulation of neurotrophic factors which promote
survival and growth of neurons, along with thrombospondins, which promote
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synapse repair. This subtype is exemplified as being helpful aiding tissue repair
(Liddelow and Barres 2017).

* Genes induced in A2 astrocytes include CLCF1, TGMI1, PTX3, S100A10,
SPHK1, CD109, PTGS2, EMP1, SLC10A6, TM4SF1, B3GNTS5, CD14, and
STAT3 (Miller 2018; Zamanian et al. 2021). S100A10 is identified as specific
marker of A2 astrocyte which is essential for cell proliferation, membrane repair,
and inhibition of cell apoptosis (Liddelow et al. 2017).

* A2 astrocytes also promote the expression of anti-inflammatory cytokine TGFp,
which participates in synaptogenesis and plays a neuroprotective role (Xu et al.
2018).

Although Al reactive astrocytes are deemed neurotoxic, they may be essential to
control the initial infection by release of molecules such as pro-inflammatory
cytokines, chemokines, and intracellular kinases. Perhaps at a specific time point
after control of infection, these may serve as a threat to the microenvironment.
Intervention at this stage by blocking the upstream molecules or the downstream
targets of Al reactive astrocytes may constitute a valuable therapeutic option.
Studies suggest that Al astrocytes have the potential to transform to A2 astrocytes
and even to naive astrocytes (Li et al. 2019). Conversion of Al to A2 may further aid
in tissue repair.

The role of astrocytic subtypes in the management of chronic postsurgical pain
has been extensively studied in rat models. Microglia induce the transformation of
A1/A2 reactive astrocytes via the CXCR7/PI3K/Akt pathway. Li et al. demonstrated
that minocycline (a microglial inhibitor) and AMD3100 (a CXCR?7 agonist) reverted
the A1/A2 ratio of reactive astrocytes and relieved the mechanical allodynia via the
PI3K/Akt pathway (Li et al. 2020). Intrathecal injection of the astrocyte inhibitors,
such as valerine, fluorocitrate, and 1-1-amino-hexanedioic acid, has effectively
reversed mechanical allodynia; however, specific inhibition of Al reactive
astrocytes could represent a potential therapeutic target that is more accurate and
has fewer side effects (Li et al. 2019). Selectively modulating the A1 Astrocytes by
nanovector loaded with rolipram, an anti-inflammatory drug in spinal cord injury
model, limited the inflammatory response by reducing iNOS and Lcn2, which in turn
reversed the toxic effect of proinflammatory astrocytes on motor neurons in vitro
(Vismara et al. 2020). There is increasing awareness of these astrocytic subtypes in
the fields of neurodegeneration, aging, chronic pain, neurotrauma, and stroke.
However, there is paucity of literature related to these reactive astrocytic subtypes
and their role in various CNS infections. The ratio of these subtypes may vary not
only from one infectious agent to another but also based on the immune status of the
individual. Available information in literature related to astrocyte physiology and
pathology in various CNS infections is briefly reviewed below.
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6 Pathobiology of Astrocytes in Various CNS Infections
6.1 Viral Infections (Figs. 1, 2, 3, 4, 5, and 6)

Herpesvirus Infections

Herpes simplex virus (HSV) 1 causes encephalitis in immunocompetent healthy
individuals, in contrast to cytomegalovirus (CMV) encephalitis seen in severely
immunocompromised patients. These opposing forms of herpes viral infections
reflects the dual nature of immune response to infection (Lokensgard et al. 2002).
Cultures of astrocytes and neurons infected with HSV show productive viral infec-
tion with cytopathic effects resulting in cell death, in contrast to microglial cell
cultures which show only limited replication with death of these microglial cells
mediated through apoptotic pathways. Neither of these fully permissive cell types
(astrocytes and neurons) produce any cytokines or chemokines in response to HSV

Fig. 1 HSV encephalitis is characterized by Cowdry-type A intranuclear eosinophilic inclusions,
with peripheral halo and margination of chromatin towards the periphery. These inclusions are seen
within neurons (a) and glia, particularly the astrocytes (b). IHC for HSV antigen is used to confirm
the diagnosis which stains the viral particles within the inclusion and in the marginated rim of
chromatin (c). Affected areas in HSV encephalitis include the medial temporal lobes, orbitofrontal
cortex, and limbic areas which show hemorrhagic necrosis (d). In addition, features common to any
viral encephalitis such as neuronophagia (a), perivascular lymphocytic infiltrate, and microglial
nodules are seen (not shown in the figure). IHC for GFAP shows reactive astrogliosis in the subpial,
cortical, subcortical regions (e). The white matter showed dystrophic changes in the astrocytic
processes with beading and fragmentation (inset, e). Areas of hemorrhagic necrosis were unstained
indicating complete destruction of astrocytes in these regions (arrow, e)
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Fig. 2 CMV encephalitis presents most commonly as ventriculitis in immunocompromised
individuals. The periventricular area shows a thick band of necrosis and denudation of ependymal
lining of the ventricles (a). Several of the cells (macrophages, ependymal cells, endothelial cells,
glia) within this area show cytomegaly with prominent intranuclear basophilic Cowdry-type A
inclusions (owl eye inclusions) (c). Viral particles can be demonstrated by CMV antigen which
stains not only the intranuclear inclusions but also intracytoplasmic inclusions within the cytome-
galic cells (d). IHC for GFAP shows corresponding dense gliosis within the periventricular white
matter and minimal reactive glial cells in gray matter (b). It also stains several of these inclusion
bearing cells (e)

infection. However, microglia respond to nonpermissive HSV infection by produc-
ing TNF-a, IL-1p, IP-10, and RANTES together with smaller amounts of IL-6, IL-8,
and MIP-1a (Lokensgard et al. 2001). Primary murine cortical cultures have shown
activated microglia secrete TNF-a to promote the Al profile of astrocytes with
upregulation in the Al marker CXCL10. However, at the same time, increase in
the A2-marker Cox2 was also demonstrated. Possible explanation for this was an
unconventional astrocyte-activation, a mixed cell population of Al and A2 cells or
astrocytes displaying a continuum between Al and A2 subtype. Fibroblast growth
factors (FGFs) secreted from HSV-1-infected CNS cells may be anti-inflammatory
via astrocytic FGFR activation. FGFs may mediate the important Al to A2 shift
thereby promoting repair over removal of damaged cells (Hensel et al. 2019).
CMV-infected astrocyte cell cultures show permissive infection with cytopathic
effects and cell death, but not the mature neurons and microglial cells reflecting non
permissive nature within these cell types. CMV-infected astrocytes release substan-
tial amounts of the chemokines MCP-1, MIP-1a, and IL-8. These chemokines then
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Fig. 3 Subacute sclerosing panencephalitis (SSPE) occurs years after an initial infection by
measles virus in immunocompetent children. It is characterized by intranuclear Cowdry-type A
inclusions within neurons (a) and glial cells, including astrocytes (b) and oligodendrocytes.
Inclusions containing the viral particles are demonstrated by IHC to measles antigen (c). GFAP
shows marked reactive isomorphic astrogliosis in both the grey and white matter (d, e, f) which has
coined the term sclerosing for this form of encephalitis

recruit other immune cells to local sites of infection. CMV stimulated microglia
produce the antiviral cytokine TNF-a plus IL-6, MCP-1, IL-8, RANTES, IP-10, and
MIP-1a. Even though astrocytes are not capable of defending themselves against
CMV infection, they have the capacity to produce chemokines that may recruit cells
such as microglia that have antiviral properties to the site of infection (Lokensgard
et al. 1999). Chemokines initiate a cascade of neuroimmune responses that result in
defense of and damage to the brain, which involves both activated glia and
infiltrating T cells.

Astrocytes are the main target and reservoir of human herpes virus 6 (HHV6) in
the CNS, which can cause encephalitis in both healthy and immunosuppressed
patients. There are two variants of this virus: HHV-6A and HHV-6B. In cell culture
study utilizing human progenitor-derived astrocytes demonstrated that HHV-6A and
HHV-6B have differential tropisms and patterns of infection, where HHV-6A results
in a productive lytic infection and HHV-6B is associated with a nonproductive
infection, thus responsible for the specific infection patterns in glial cells in vivo
(Donati et al. 2005). Persistent viral infection of the CNS with subsequent
reactivations has been documented in some patients after stem cell transplantation
(Wainwright et al. 2001). HHV-6B-infected astrocytes are defective in maintaining
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Fig. 4 Japanese encephalitis is a polioencephalitis affecting the gray matter of the cortex and deep
nuclear areas (thalamus). The cortical ribbon shows circumscribed necrolytic lesions which appear
pale acellular on H & E (arrow, a) and are devoid of astrocytes as shown by GFAP (arrow, b).
Perivascular astrocytes are prominent on GFAP (¢) with hypertrophic processes surrounding the
endothelial cells (arrow, ¢). This feature could possibly be related to the route of entry of this virus
into the CNS which infects the endothelial cells and then crosses the BBB

the homeostatic balance due to altered glutamate uptake with subsequent neuronal
dysfunction (Fotheringham et al. 2008).

Flavivirus Infections

Tick-borne encephalitis virus (TBEV) is one of the neurotropic flaviviruses causing
meningitis, meningoencephalitis, and myelitis in endemic regions of Europe and
Asia. Astrocytes are a potential mediator of brain infection and a reservoir in TBEV.
TBEV successfully replicates in astrocytes, reaching a higher viral load but is
relatively resistant to cell death (Potokar et al. 2014). This induces several morpho-
logic and physiologic changes in astrocytes within the cytoskeleton particularly in
actin and tubulin cytoskeleton polymerization with significant effect on TBEV-laden
vesicle trafficking (Potokar et al. 2007). Modalities that modify this vesicle traffic
within the TBEV-infected astrocytes may act as a potential therapeutic intervention
(Potokar et al. 2019). TBEV also triggers astrocyte activation evident by increased
GFAP along with release of inflammatory cytokines and chemokines. Infection of
astrocytes alters the blood-brain barrier (BBB) permeability via overexpression of
matrix metalloproteinase-9 and affects the functioning of neighboring cells including
neurons (Palus et al. 2014). The infected astrocytes also act protectively by
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Fig. 5 Progressive multifocal leukoencephalopathy (PML) caused by JC virus productively
replicates in the oligodendroglial cells with their subsequent death leading to demyelination within
the white matter. The areas of demyelination show pallor and infiltration by sheets of foamy
macrophages (b). The surviving oligodendrocytes show enlarged nucleus with intranuclear inclu-
sion which is basophilic and completely occupies the nucleus (yellow arrow, ¢). The astrocytes
which are nonproductively infected undergo morphological changes with hypertrophied giant
astrocytes (black arrow, b) showing multinucleation, bizarre nuclei, and coarse vesicular chromatin
(black arrow, ¢). IHC to SV-40 antigen demonstrates the viral particles within the oligodendroglial
nuclei (yellow arrow, d) and in the astrocytes (black arrow, d) wherein they take a granular
positivity representing the nonpermissive infection of astrocyte. GFAP shows dense reactive gliosis
in the demyelinating areas within the white matter (yellow arrow, a) and mild subpial gliosis in grey
matter (a). Bizarre astrocytes are stained with GFAP (e)

upregulation of type 1 IFNs which restricts the spread and replication of virus
(Lindqgvist et al. 2016).

Japanese encephalitis virus (JEV) transmitted by mosquitoes is one of the com-
mon causes of viral encephalitis in Asia-Pacific region and northern Oceania. Nearly
half of infected patients are left with permanent neuropsychiatric sequalae. JEV
infects the brain endothelial cells with subsequent crossing of the BBB. Details of
how the virus enters the astrocytes are not defined (Potokar et al. 2019). It replicates
and triggers morphologic changes within astrocytes, with production of inflamma-
tory cytokines and chemokines which lead to alteration of the BBB permeability
(Liet al. 2015). Furthermore, chemokines such as RANTES released from astrocytes
might play a role in the recruitment of immune cells (Chen et al. 2011). Production of
type I IFN by astrocytes in response to JEV limits the spread of the virus and
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Fig. 6 HIV encephalitis associated with neurocognitive decline is characterized by the presence of
microglial nodules composed of activated macrophages which have fused to form multinucleated
giant cells (asterix, ¢). These microglial nodules are enveloped by reactive stellate astrocytes as
highlighted by GFAP (d). The multinucleated giant cells are negative for GFAP (asterix, d) as they
belong to monocyte/macrophage lineage. IHC for GFAP shows moderate amount of reactive
astrogliosis involving both the gray matter and white matter (a), with distinct perivascular aggrega-
tion of astrocytes (arrow a, b)

prevents virus-induced killing of the neighboring astrocytes and neurons (Lindqvist
et al. 2016).

Another arboviral infection caused by neuroinvasive stains of West Nile Enceph-
alitis Virus (WNV) prevalent in Africa, Europe, and North America, is associated
with severe long-term neurological consequences. The virus enters the brain invad-
ing across the BBB and infects the astrocytes prior to infection of neurons (Potokar
et al. 2019). Although both neurons and astrocytes support productive WNV infec-
tion, the virus replicates at a higher and faster rate in the astrocytes. Viral growth
though poorly permissive in microglial cells, releases robust amounts of
proinflammatory cytokines and chemokines (Cheeran et al. 2005). WNV infection
in the primary cultures of mouse neurons were rapidly progressive and destructive;
on the other hand, infected astrocytes show a permissive, persistent infection playing
arole in the maintenance of the virus in CNS (Diniz et al. 2006). Astrocytes regulate
the spread of WNV within the CNS and therefore are an attractive target for
ameliorating WNV-induced neuropathology. The severity WNYV infection is strain
dependent, ranging from avirulent to highly neuropathogenic and is
interferon-independent, related to the replication dynamics within astrocytes and
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astrocyte-specific restriction of WNV particle production through furin-like
proteases (Hussmann et al. 2013, 2014). Astrocytic infection by WNV results in
induction of neuroinflammatory genes particularly CXCL10 which can act as a
neurotoxin inducing apoptotic cell death by increasing intracellular Ca2+ levels.
CXCL10 also acts as a neuroprotectant by recruiting immune cells into the CNS to
clear infection. WNV also exerts its effect on endoplasmic reticulum stress response
by downregulation of the protective astrocyte-specific endoplasmic reticulum related
transcription factor gene, rendering it no longer protective (van Marle et al. 2007).

Zika virus (ZIKV) outbreaks in South America and the Caribbean have unfolded
this arbovirus to be associated with vide range of neurologic symptoms, particularly
affecting the fetus with congenital Zika syndrome which includes a myriad of
abnormalities,  including  microcephaly, lissencephaly,  hydrocephalus,
arthrogryposis, and parenchymal calcifications (Sejvar 2018). Fetal autopsy of
ZIKV-infected fetus at 32 weeks has shown diffuse astrogliosis with focal astrocytic
outburst into the subarachnoid space, mostly on the convexity of the cerebral
hemispheres (Mlakar et al. 2016). Astrocytes and microglia are the targets of entry
for ZIKV via AXL, a group of tyrosine kinase receptors involved in the clearance of
apoptotic cells and regulation of innate immunity. AXL kinase activity
downmodulates interferon signaling and facilitates infection. Inhibiting AXL func-
tion may represent a potential target for future antiviral therapies (Meertens et al.
2017). ZIKV shows tropism for radial glia and astrocytes which are more susceptible
to infection than neurons, a pattern that correlates with expression of a putative viral
entry receptor, AXL (Retallack et al. 2016). ZIKV-infected astrocytes manifest
programmed cell death with a progressive cytopathic effect and massive
vacuolization leading to paraptosis, a caspase-independent, non-apoptotic form of
cell death associated with the formation of large cytoplasmic vacuoles (Monel et al.
2017). ZIKV infection in human fetal astrocytes shows a considerable increase in
extracellular vesicles which are the Trojan horses of viral infection (Altan-Bonnet
2016; Huang et al. 2018). Infected astrocytes are associated with an increased
expression of a relatively narrow spectrum of proinflammatory cytokines and
chemokines compared to other flaviviruses such as TBEV. This limited activation
of the immune response may be associated with high infection rates and high titer
virus production (Stefanik et al. 2018). Zika virus infection disrupts neurovascular
development, leads to progressive astrogliosis, and altered permeability of the BBB,
ultimately resulting in postnatal microcephaly with significant brain damage (Shao
et al. 2016).

Human Immunodeficiency Virus (HIV)

HIV enters the CNS during seroconversion utilizing the Trojan horse mechanism via
the infected macrophages. Microglia and macrophages are the principal cell types to
be productively infected by HIV and produce many cytokines and chemokines.
Astrocytes remain nonproductively infected. Several studies have demonstrated that
efficient HIV-1 replication is blocked in astrocytes at different steps of the virus life
cycle, including virus entry, reverse transcription, nucleocytoplasmic HIV-1 RNA
transport, translation of viral RNA, and maturation of progeny virions (Gorry et al.
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2003). As astrocytes are devoid of CD4 and chemokine receptors which are key to
infection of immune cells, there are some alternative receptors on astrocytes that play
arole as potential HIV-1 receptors on astrocytes that include proteins with molecular
masses of 260 kDa and 65 kDa, which bind gp120, galactosyl ceramide, and human
mannose receptor. The 65 kDa protein and the human mannose receptor could
mediate endocytosis of HIV-1 into astrocytes (Kramer-Hammerle et al. 2005).
Astrocytes act as reservoirs for HIV. The malfunction of Rev in astrocytes hardly
allows the production of progenitor virus, but high levels of the regulatory proteins
Nef, Rev, and Tat are detected (Brack-Werner 1999). Studies have also suggested
that under the appropriate environmental milieu, astrocytes can support productive
HIV replication. IFN-y induces HIV replication in astrocytes highlighting that the
environmental milieu is critical in regulating the permissiveness of astrocytes to HIV
infection. IFN-y diminishes the pf-catenin signaling in astrocytes, a pathway that is a
potent inhibitor of HIV replication. The Wnt/B-catenin pathway also plays an
important role in axonal remodeling, regulation of synaptic connectivity and regula-
tion of hippocampal neurogenesis in the adult brain. Modulation of this B-catenin
pathway can impact viral infection and favor neurogenesis and neuroprotection
opposed to the toxic insult (Li et al. 2011).

HIV infection in the CNS promotes neuronal injury and/or neurotoxicity through
the release of soluble factors produced by infected macrophages/microglia and
astroglial cells. HIV encephalitis is associated with a significant increase in MHC
class II on activated microglia and astrocytes, and it is considered the best neuro-
pathologic correlate of cognitive impairment (Persidsky and Poluektova 2006). A
postmortem study on brains of HIV+ patients with neurocognitive impairment
revealed that astrocyte infection by the virus was extensive in subjects with
HIV-associated dementia (HAD) and correlated with the severity of neuropathologi-
cal changes and proximity to perivascular macrophages (Churchill et al. 2009).
Neuronal excitotoxicity is prevented by astrocytes via the clearance of extracellular
glutamate by a family of transporter proteins, excitatory amino acid transporters
(EAAT). Inflammatory mediators, in particular the cytokine TNF-a, and HIV viral
proteins reduce the expression of EAAT on astrocytes resulting in impaired gluta-
mate clearance. Furthermore, the trophic action of astrocyte to provide the amino
acid glutamine via their expression of glutamine synthetase is also hampered in HIV.
An interesting concept is that the activated microglia and brain macrophages partly
compensate for the inhibited astrocytic function as they express the transporters and
enzymes of the glutamate cycle thus exhibiting neuroprotective properties (Gras
et al. 2006).

In our study, association of HIV with opportunistic infections resulted in muted
glial and microglial response. The reactive astrocytic response surrounding paren-
chymal pseudocystic cryptococcal lesions was less in HIV-positive cases, compared
to HIV negative cases. The reactive astrocytes and microglia following opportunistic
infection developed dystrophic changes, heralding senescence. Both astroglial and
microglial cells also expressed caspase-3, a pro-apoptotic marker. The death of
astrocytes with loss of support mechanisms compromise the surrounding neurons
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which could lead to neurodegeneration following chronic inflammation (Tripathi
et al. 2014).

Progressive Multifocal Leukoencephalopathy (PML)

PML caused by JC polyomavirus causes a fatal demyelinating disease following
reactivation in immunosuppressed individuals. Demyelination is attributed to the
productive infection and lytic destruction of the myelinating oligodendrocyte. The
other cell type affected is the astrocyte wherein it establishes a latent infection due to
nonpermissive infection. This leads to morphological abnormality and cytopathic
change in the form of hypertrophied giant astrocyte with multinucleation and bizarre
nuclei to the extent that it mimics a glial neoplasm (Love et al. 2015). JC polyoma-
virus in normal human astrocytes has delayed progression of the infectious cycle
with significant reduction of the late viral gene product VP1 (Wilczek et al. 2020).
Ultrastructural studies have demonstrated viral adsorption, penetration, and intracel-
lular transport in protoplasmic and fibrous astrocytes. The early steps of the viral
infection were more frequently found in the cytoplasm of the astrocytes than virus
assembly within their nucleus, suggesting that the early steps of viral replication are
not always followed by virus production. It was also noted that infection was more
intense, when giant astrocytes were absent than when giant cells were formed.
Ultrastructural evidence of viral particles has been described within the astrocytic
nuclei, however none in giant astrocyte (Mazlo and Tariska 1982). JCV can infect
granule cell neurons of the cerebellum, causing JCV granule cell neuronopathy and
cortical pyramidal neurons in JCV encephalopathy. JCV has also been demonstrated
within the hippocampal neurons and its afferent and efferent white matter tracts
leading to seizures and cognitive dysfunction. The infected neurons in this study
expressed JCV T antigen only, suggesting an abortive/restrictive infection, whereas
the glial cells expressed either JCV regulatory T Antigen or JCV VP1 capsid protein
(Wuthrich et al. 2016).

6.2 Bacterial Infections (Figs. 7 and 8)

Bacterial Meningitis
Meningitis involves inflammation of the leptomeninges which if not treated and can
extend beyond the subarachnoid space, evolving into meningoencephalitis or
cerebritis leading to severe parenchymal inflammation injury and necrosis. The
primary anatomical barrier preventing spread of inflammation into the parenchyma
is the glia limitans, at the pial-subarachnoid interface by plump foot processes of
reactive astrocytes, fibromeningeal cells, and an overlying basement membrane.
This shares homology with glial scar formation. Breach of the glia limitans is
attributed to the various toxic molecules released by the neutrophils or as a result
of occlusion and thrombosis of meningeal vessels leading to frank necrosis
(Sofroniew and Vinters 2010).

Staphylococcus aureus is one of the major etiological agents of bacterial menin-
gitis and pyogenic abscess. Astrocytes are capable of recognizing this Gram-positive
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Fig. 7 Pyogenic meningitis showing subarachnoid space (SAS) filled with inflammatory infiltrate
(a). The glia limitans at the pial-subarachnoid interface is prominent on GFAP (arrow, b) which is
formed by the plump foot processes of reactive astrocytes limiting the spread of infection into the
parenchyma. Subpial cortical reactive gliosis is also evident (b). Pyogenic abscess is composed of
four layers from within outwards comprising liquefactive necrosis, inflammatory granulation tissue,
fibrous capsule, and gliosis in the adjacent parenchyma (Masson’s trichrome stain, ¢). The capsule
once formed helps in containing and localizing the infective process and limiting its spread to
surrounding parenchyma. The capsule is composed of collagen fibers laid down by proliferating
fibroblasts which are intermingled with glial processes which strengthen the capsule. The
surrounding neuroparenchyma is edematous with persistent activation of astrocytes as highlighted
by GFAP (d) and microglial cells

bacterium and its cell wall product peptidoglycan by the Toll-like receptor 2 (TLR2)
and respond by producing numerous proinflammatory mediators including interleu-
kin-1p (IL-1p), tumor necrosis factor-o (TNF-a), macrophage inflammatory protein-
1B (MIP-1p), MIP-2, and monocyte chemoattractant protein (MCP-1) (Esen et al.
2004). Astrocytes form an extensive syncytium via the gap junction channels
composed of protein subunits called connexins. Staphylococcus aureus and peptido-
glycan has shown to cause time-dependent decrease in expression of connexins
resulting in decreased coupling between cells surrounding infection. Under physio-
logical conditions, the astrocyte syncytium is crucial for neuronal homeostasis but,
the same in pathological conditions, may lead to the propagation of apoptotic and/or
necrotic signals at distant sites within injured tissue leading to extended neuronal
injury. Inhibition of gap junction channels in response to injury could represent a
protective defense mechanism (Esen et al. 2007).
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Fig. 8 Tubercular meningitis showing chronic granulomatous inflammation in the subarachnoid
space (SAS) with well-formed epithelioid granulomas (arrow, a). GFAP shows prominent pial glial
limitans which is the first barrier to restrict parenchymal spread. The cortex shows decreasing
gradient of glial cell density in the lower cortical layers, suggesting a spread of transducing signals
from the inflammatory focus along the surface. Tuberculoma is a space occupying lesion which is
defined histopathologically by the central area of necrosis surrounded by well-formed epithelioid
granulomas with multinucleated Langhans type of giant cells (d) along with dense cuff of chronic
inflammatory cells. GFAP stains the gliosis surrounding the tuberculoma and glial process within
the capsule enclosing the lesion (¢). Individual granulomas are enclosed by thin glial processes (e).
Tubercular abscess is seen in immunocompromised individuals which histologically mimics a
pyogenic abscess showing mixed inflammation (f), without any epithelioid granulomas. However,
Ziehl-Neelsen stain (ZN stain) shows numerous acid-fast bacilli within the lesion (inset, f). The
immunocompromised state precludes the development of granulomas. GFAP stains reactive
astrocytes within and the periphery of lesion (g). However, the glial cells are dystrophic with
abnormal shapes and show hypertrophic glial processes (f) probably reflecting the altered immune
response

Meningitis, the most common acute manifestation of Lyme neuroborreliosis is
caused by gram negative spirochete, Borrelia burgdorferi. The role of astrocytes in
the immune response to B. burgdorferi in the CNS has been evidenced by human
CSF samples in which GFAP was increased early in course of CNS disease and
decreased following antibiotic treatment (Dotevall et al. 1996). Rhesus monkeys
infected with B. burgdorferi showed evidence of astrocyte proliferation and apopto-
sis, which was hypothesized to be caused by spirochetal lipoproteins (Ramesh et al.
2003). Human astrocytes expressed MMP-9 when incubated with B. burgdorferi
contributing to the breakdown of BBB (Perides et al. 1999). They also play an
important role in recruiting inflammatory cells to the CNS following exposure to this
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spirochete by production of chemokines including IL-6, TNF-a, IL-8, CXCL-1, and
CXCL-10 (Brissette et al. 2013).

Tubercular Meningitis (TBM)
Tubercle bacillus preferentially infects human microglia rather than astrocytes.
Microglia are productively infected with Mycobacterium tuberculosis and are the
principal effectors initiating, orchestrating, and modulating the tuberculous immune
response by secretion of various cytokines (TNF-a, IL-1b, and IL-6) and chemokines
(CCL2, CCL5, CXCLS8, and CXCL10), inducing the differentiation of CD4+
T-lymphocytes which ultimately eliminate or contain the infection. Astrocytes
challenged with tubercle bacilli have a much narrower cytokine-chemokine response
with detection of moderate amounts of only a single chemokine, CXCL10 (Rock
et al. 2005; Spanos et al. 2015). Astrocytes contribute to a matrix degrading
environment within the CNS and subsequent morbidity and mortality (Harris et al.
2007). Mycobacterium tuberculosis stimulation activates astrocytes leading to
upregulation of MMP secretion, with consequent disruption of the BBB, breakdown
of type IV collagen, and the downregulation of the tight junction proteins ZO-1,
claudin-5, and occludin. Impaired tight junctions together with increased surface
expression of endothelial adhesion molecules (e.g., ICAM-1, VCAM-1) result in
leukocyte influx into the CNS, causing host immunopathology which is responsible
for much of the morbidity and mortality in CNS tuberculosis (Brilha et al. 2017).
In a detailed morphologic and morphometric study of TBM cases diagnosed and
archived at our center, the alterations in microglia and astrocytes were evaluated.
The activated microglia and astrocytes displayed hypertrophy and hyperplasia,
aggregating in proximity to the meningeal exudates. A decreasing gradient of glial
cell density, GFAP and S-100p expression, was evident in the lower cortical layers,
suggesting a spread of transducing signals from the inflammatory focus along the
surface. Dense glia limitans with gliosis indicated the efforts to restrict the spread of
inflammatory process into the adjacent parenchyma by the pia-glial limitans. We
also observed a difference in the morphology of astrocytes in cases of TBM with and
without associated HIV infection. In the HIV-negative TBM cases, the astrocytes
surrounded the parenchymal granulomas and had small rounded hypertrophied cell
bodies with intense GFAP labelling and had short stout processes, resulting in a
lower area fraction. In the HIV-positive cases, the astrocytic processes were long,
slender, and more conspicuous, resulting in higher area fraction (Tripathi et al.
2014).

6.3 Fungal Infections (Figs. 9 and 10)

Cryptococcal Meningoencephalitis

The neurotropic fungi Cryptococcus neoformans is an encapsulated yeast causing
life-threatening meningoencephalitis in immunocompromised hosts with minimal
inflammatory response and glial activation. The number of cryptococcal yeast
inversely correlates with the number of inflammatory cells. This reveals inefficient
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Fig. 9 Cryptococcal meningitis in immunocompromised individuals is characterized by
pseudocystic lesions which represent dilated Virchow-Robin spaces containing aggregates of yeasts
(a) giving a soap bubble appearance with neurotropism for the basal ganglia and substantia nigra.
The capsule of cryptococci is stained with mucicarmine stain (b). GFAP stains stellate reactive
astrocytes around the pseudocystic lesion (c¢). Prominent pial glia limitans (arrow, d) is seen
restricting the infection in subarachnoid space along with subcortical reactive isomorphic gliosis (d)

signals for astrocyte activation. Study on primary culture of human fetal astrocytes
activated with IL-  and INF-y, reflected antifungal activity through NO mediated
mechanism, and was reversed by inhibitors of NO synthase. Thus, therapeutic
strategies directed at enhancing astrocyte activation may be helpful in the manage-
ment of cryptococcosis (Lee et al. 1994). By virtue of their critical location, the
perivascular and subpial astrocytes along with perivascular macrophages form an
essential barrier to the spread to cryptococci. The principal effectors in cryptococcal
meningoencephalitis are the macrophages and microglia, especially those in the
perivascular and juxta vascular locations. The reactive astrocytes are limited to
large destructive lesions and subpial regions (Lee et al. 1996).

In our study a differential reactive astrocytic response was observed encircling the
cystic parenchymal cryptococcal pseudocysts, the reactive change being less when
associated with HIV. The immunocompromised state of HIV probably influences the
cytokine-induced astrocytic proliferation in cases of cryptococcal infection. Mor-
phologically, in contrast to cases of TBM, in HIV-positive cryptococcal meningitis
cases, the activated hypertrophic astrocytes revealed rounded cell bodies and
retracted processes, whereas in HIV-negative cryptococcal meningitis cases, the
astrocytes had prominent branching processes. In addition, focal areas showed
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Fig. 10 Aspergilloma caused by fungal aspergillus species is a necrotizing granulomatous inflam-
mation seen in immunocompetent individuals with several foreign body giant cells engulfing
broken down fungal hyphae (arrow, a). GFAP stains reactive astrocytes surrounding the granuloma
(b). Invasive aspergillosis seen in immunosuppressed state showing angioinvasion by slender
septate fungal hyphae with branching at acute angles highlighted on Gomori methenamine-silver
(GMS) stain (arrow, d). GFAP shows dystrophic hypertrophic astrocytes due to altered immune
response (c¢). Mucormycosis caused by Mucorales species is a suppurative granulomatous inflam-
mation seen in diabetic/immunosuppressed individuals characterized by wide spread angioinvasion
and thrombosis by broad aseptate fungal hyphae which branch at right angles as highlighted on
GMS stain (arrow, f). GFAP shows dystrophic astrocytes with breaking down and beaded astrocytic
process probably due to altered immune response (e)

irregular breakdown and beading of astrocytic processes forming plaque-like zones,
suggesting dystrophic change which was similar to cases of TBM. Many of the
degenerating astrocytes along with subpial and perilesional astrocytes in both
cryptococcal meningitis and TBM showed expression of caspase-3, a cellular apo-
ptotic mediator (Tripathi et al. 2014).

Aspergillosis

Aspergillus species are a group of filamentous fungi which are found ubiquitously in
soil and decaying vegetation. Aspergillus spreads to the CNS either hematogenously
with a primary focus in the lung or locally following maxillary sinusitis. Infection of
the CNS by Aspergillus species in immunocompetent individuals leads to the
formation of aspergilloma, which is characterized on histology by well-formed
epithelioid granulomas containing several foreign body giant cells with engulfed
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broken-down hyphae. On the other hand, infection in immunosuppressed individuals
leads to invasive aspergillosis, wherein the fungi typically invade vessel walls with
luminal obliteration and subsequent necrosis. Aspergillus species produce and
secrete factors which have toxic activity towards astrocytes, microglia, and neuronal
cells (Speth et al. 2000). Gliotoxin is a mycotoxin produced by the Aspergillus
strains involved in human aspergillosis (Lewis et al. 2005). Gliotoxin has shown to
exhibit differential detrimental effect in the various cell types studied with highest
susceptibility to the cultured astrocytes. Gliotoxin penetrates and impairs the integ-
rity of the human blood-brain barrier by exerting adverse effect on brain endothelial
cells. Immunocytochemistry analysis has shown an absence of obvious disruption of
tight junction complexes in brain microvascular endothelial cell monolayers,
whereas changes in f-catenin and F-actin were suggestive of a cytoskeleton
remodeling. This suggests that impairment in cell-matrix rather than cell-cell
interactions may act as a driving force in aspergillosis (Patel et al. 2018).

6.4 Parasitic Infections (Figs. 11, 12, and 13)

Toxoplasma Encephalitis

Toxoplasma encephalitis affects immunocompromised individuals with defective
cell mediated immunity, due to reactivation of latent infection. Toxoplasma gondii is
an obligate intracellular parasite which infects astrocytes, neurons, and microglia
cells. Robust astrocyte activation is a hallmark of toxoplasma encephalitis
(Drogemuller et al. 2008). The control of CNS toxoplasmosis is critically dependent
on the local IFN-y production by CD4 and CD8 T cells (Suzuki et al. 1989). In vitro
studies of IFN- y-activated astrocytes control the infection via the small inducible
GTP binding protein (IGTP), which mediates disruption of parasitophorous vacuole,
and deficient mice are unable to control the infection and succumb subsequently to
necrotizing toxoplasma encephalitis (Halonen et al. 2001; Taylor et al. 2000). In
response to T. gondii astrocytes produce a variety of cytokines and chemokines
(IL-1a, IL-6, GM-CSF, MCP-1, IP-10, and PGE2) along with upregulation of MHC
class I molecules (Fischer et al. 1997; Strack et al. 2002). IFN- y-activated microglia
releases the toxic metabolite nitric oxide (NO) which may cause neuronal injury and
subsequent neurodegeneration. The PGE2 production by infected astrocytes is
responsible for IL-10 secretion by microglia and downmodulating NO production,
which consequently avoids neuronal damage. This cross talk between astrocytes and
microglial cells is essential to maintain the CNS homeostasis during T. gondii
infection (Rozenfeld et al. 2003).

Hypertrophic astrocytes are seen to surround parasite associated lesions, and
astrocytes deficient in the expression of their major intermediate filament GFAP
have increased parasite load, widespread inflammation, and a reduced capacity to
restrict the lesion (Stenzel et al. 2004). This highlights the immunoregulatory
function of astrocytes in toxoplasma encephalitis. Astrocyte gpl130 expression is
critical for the control of toxoplasma encephalitis, which is a signal transducer for
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Fig. 11 Toxoplasma encephalitis shows the characteristic bradyzoite forms of T. gondii within the
CNS which represent the latent stage (inset, a). During active infection the bradyzoites rupture to
release tachyzoites which have an affinity to the endothelial cells leading to vasculitis with
obliterative endarteritis and thrombosis, eventually leading to hemorrhagic necrosis (a). The
necrosis is typically dirty with presence of hematoxyphilic bodies, some of which represent
extracellular tachyzoites (2—4 pm in size). IHC to toxoplasma antigen highlights the tachyzoites
(b). GFAP shows perilesional reactive astrogliosis (c). The glial processes are also seen surrounding
the individual bradyzoites (inset, ¢)

members of the IL-6 cytokine family (Drogemuller et al. 2008). Mice deficient in
IL-6 show enhanced susceptibility to toxoplasmosis (Suzuki et al. 1997).

Cerebral Malaria (CM)

CM, caused by Plasmodium falciparum, is not an encephalitis. Its pathogenesis lies
in the sequestration of parasitized red blood cells (PRBC) within the cerebral
microvasculature. The PRBCs are easily recognized by the intraerythrocytic pigment
hemozoin, which is the breakdown product of hemoglobin, which is catabolized and
utilized by the parasite for nutrition (Lucas 2015). Experimental studies have shown
that the hemozoin pigment is taken up by the human neurons and astrocytes,
resulting in cellular dysfunction, toxicity, dysregulation of proapoptotic proteins,
and subsequent apoptosis (Eugenin et al. 2019). Astrocyte death and breakdown of
BBB due to the action of various matrix metalloproteinase released from activated
glial cells leads to cerebral edema (Szklarczyk et al. 2007). Hypoxia induced by
sequestration of PRBCs and cytokine expression in the brain are two primary
mechanisms thought to contribute to the pathogenesis of CM. Human and murine
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Fig. 12 Cerebral malaria is characterized by sequestration of the capillaries by parasitized red
blood cells (PRBCs) which show intraerythrocytic brown hemozoin pigment (c¢). Sequestration
leads to local hypoxia resulting to petechial hemorrhages which are predominantly seen in the white
matter (a). More specific to cerebral malaria is the ring hemorrhage, consisting of a central necrosed
blood vessel with fibrin thrombus surrounded by concentric zones of PRBCs and uninfected
erythrocytes (b). GFAP shows perivascular reactive stellate astrocytes with prominent astrocytic
foot processes enveloping the capillaries with PRBCs (d)

astrocytes in vitro have shown to contribute to CM pathogenesis by producing
CXCL10 in response to IFN-y and LT-a. CXCL10 plays an essential role in CM
by attracting immune cells, such as CD8+ T lymphocytes which damage the
integrity of the BBB (Bakmiwewa et al. 2016).

Durck’s granulomas seen on histology in CM are characterized by aggregates of
reactive astrocytes, microglial cells, and some lymphocytes. Reactive astrocytes
proximal to Durck’s granulomas show cell surface expression of urokinase plasmin-
ogen activator receptor whereas quiescent astrocytes do not. This contributes to BBB
disintegration, immune cell recruitment, parasite adhesion and reorganization pro-
cess such as clearance of infected and uninfected erythrocytes from hemorrhages
(Fauser et al. 2000).

Neurocysticercosis (NCC)

NCC is parasitic infection of the CNS, caused by ingestion of eggs of the tapeworm
Taenia solium with seizure as the most common presenting symptom. However not
all cases can be effectively managed by anti-seizure drugs and some evolve into drug
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Fig. 13 Neurocysticercosis caused by larval forms of T. solium are seen in various stages within
the CNS, from the active vesicular stage to the degenerating colloid granular nodular stage and the
dead calcified form. The gliosis in the active stage is mild (a). With degeneration as the parasite
antigen is exposed, more gliosis sets in forming a dense band surrounding the cyst with
multilayering of astrocyte processes, some of them entering the degenerated cyst (b). Gradually
the cyst calcifies; however, in some cases the perilesional gliosis persists which is implicated to be
causal for drug resistant epilepsy

resistant epilepsy. Neuroimaging studies report hyperintense signal at the site of the
involuting cysticercus reflecting perilesional gliosis, which is associated with
increased seizure recurrence (Singh and Sander 2018; Rathore et al. 2013).
T1-weighted magnetization transfer spin-echo sequence is useful for recognition of
perilesional gliosis associated with NCC, which appears to be the reason for
refractory epilepsy. Studies have confirmed this perilesional gliosis on histopathol-
ogy as the cause for epileptogenicity (Escalaya and Burneo 2017, Suller-Marti et al.
2019). The antigens entrapped within the dead calcified cyst may be released by
partial decalcification or micromodeling of the lesion, which triggers host immune
response. This chronic inflammation triggers hyperplastic change in astrocytes
leading to gliosis. Changes in the astroglial structure and properties leads to reduced
extracellular buffering of electrolytes such as K+ with altered chemical extracellular
environment, which eventually influences the neuronal activity. Increased intercel-
lular glial coupling by gap junctions in the perilesional gliotic area may cause
synchronization of discharges and spread of seizure activity leading to ineffective
antiepileptic drug therapy (Mhatre et al. 2020; Pradhan et al. 2000).
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7 Conclusion

Astrocytes the resident immunocompetent cells of CNS and one of first line of
defense to infective pathogens respond in a unique manner depending not only upon
the type of infective agent but also the host immune status. Reactive astrocytes are of
various subtypes which can be either beneficial by limiting the spread of infection or
harmful by activating uncontrolled self-perpetuating immune response along with
the microglial cells. Discovery of astrocytic subtypes have opened up a whole new
realm of enticing research which remains to be explored in the field of CNS
infections with a prospect of modulating them at various stages of infection to
bring about an optimal benefit while controlling the spread of the pathogen.
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Abstract

Astrocytes respond to any pathological stimulus to the central nervous system
including in Alzheimer’s disease (AD). They undergo dramatic remodeling at the
molecular, cellular, and functional levels to constitute a heterogeneous population
across disease stages that are collectively termed as reactive astrocytes. “Astro-
cyte reactivity” or “reactive astrogliosis” encompasses multiple distinct states
astrocytes adopt across the disease stages. For several decades this phenomenon
has been considered a nonspecific reaction to pathological insults without any
disease-inducing mechanisms and with no therapeutic value. Recent studies have
contrarily underscored the specific roles of astrocytes in disease pathogenesis.
With the advent of single-cell and single-nucleus transcriptomics, numerous
disease-modifying functions of reactive astrocytes are revealed. Diverse subtypes
of reactive astrocytes are currently the major focus of AD research. Previously
astrocytes were thought to contribute towards neuronal degeneration by releasing
pro-inflammatory mediators in AD. Present evidences indicate that reactive
astrocytes also play a pivotal role in neuroprotection, plausibly at the prodromal
AD stages by secreting anti-inflammatory molecules, clearing Af and limiting
neuroinflammation in the CNS. In this chapter we attempt to review the extensive
yet subtle functional diversities in reactive astrocytes in AD with respect to
metabolic alterations, neuroinflammation, Af production and clearance, tau
pathology, synaptic plasticity, neurotransmitter recycling, and their impact on
neuronal health. We further highlight their contribution in identifying early-stage
AD biomarkers. Thus, reactive astrocytes may represent an attractive therapeutic
target in halting AD progression, its prevention, or in cure.

S. C. Biswas (PX)
Cell Biology and Physiology Division, CSIR-Indian Institute of Chemical Biology, Kolkata, West
Bengal, India; subhasbiswas@iicb.res.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte 199
Ltd. 2022

L. Patro et al. (eds.), The Biology of Glial Cells: Recent Advances,
https://doi.org/10.1007/978-981-16-8313-8_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8313-8_9&domain=pdf
mailto:subhasbiswas@iicb.res.in
https://doi.org/10.1007/978-981-16-8313-8_9#DOI

200 S. Sarkar et al.

Keywords

Alzheimer’s disease - Reactive astrogliosis - Astrocyte - Neuroinflammation - Af -
Synaptic plasticity - Astrocyte reactivity - Early-stage AD biomarkers -
Neurotransmitter recycling - Tau pathology

1 Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder of aged
individuals that presents a huge socioeconomic burden and challenges the global
health system. AD patients lose memory, learning and thinking skills, and other
cognitive functions leading to irrational behaviors. The drugs available for AD to
date only provide symptomatic relief at the early stages. There are no confirmatory
early diagnostic tests or disease modifying therapies. The major obstacle in the
development of therapies for AD is poor understanding of the fundamental basis
of the disease pathogenesis. The past several decade-long AD researches held a
neuron-centric view of AD pathogenesis and have failed to translate into effective
therapeutic strategies. This failure reflects the lack of understanding of pathological
alterations in glia beyond the old-concept of glial cells as the “brain glue.”
Astrocytes are not only an integral part of the neural system but are also equally
significant in the cell-cell interactions and related perturbations occurring during
disease pathogenesis (Long and Holtzman 2019).

Available literature elaborates the role of inflammation in neurodegeneration,
either as a factor that sustains the degenerative process or as playing a significant
disease initiating role. The brain contains an endogenous “innate immune system,”
primarily microglia/astrocytes, and also has an ability to recruit the peripheral
immune system especially in the wake of any trauma. Under physiological
conditions, astrocytes supply energy to neurons, maintain synaptic functions and
ionic balance, recycle excess glutamate to prevent glutamate excitotoxicity, and are a
major source of antioxidants such as ascorbic acid and glutathione (Belanger and
Magistretti 2009). However, in most central nervous system (CNS) insult or disease,
astrocytes transform morphologically, transcriptionally, biochemically, and func-
tionally through a process called astrocyte reactivity or reactive astrogliosis—a
phenomenon characterized by hypertrophy and the secretion of a pool of pro- and
anti-inflammatory mediators such as cytokines and chemokines (Olabarria et al.
2010; Sofroniew 2014a). Current literature suggests that reactive astrocytes can exist
in several distinct molecular states in many diseases and across different regions of
the brain (Das et al. 2020; Matias et al. 2019). Coherently, in AD and other
neurodegenerative diseases, astrocytes attain several distinct reactive phenotypes
with varied impacts on disease progression (Habib et al. 2020).

Earlier it was thought that the reactive astrogliosis in neurodegenerative diseases
was largely associated with irreversible alterations in astrocytes that contributed to
an overall CNS deterioration and exacerbated disease state. Currently, astrocyte
reactivity is being seen in the light of neuroprotective abilities that promote neuronal



Role of Reactive Astrocytes in Alzheimer’s Disease 201

health. In this chapter, we discuss both the offensive and defensive aspects of this
phenomenon. We highlight the major pathways and the critical proteins/cytokines
involved in this dynamic process. We try to delineate the stage-specific reactive
astrocyte secretomes and their role in mediating astrocytes’ functions from early to
the later stages in AD.

2 Astrocytes in AD

This chapter will mostly focus on understanding the role of astrocytes, as a key
player among the nonneuronal cells in the pathogenesis of AD through a detailed
report on its types and subtypes, its role in the initiation of neuroinflammation in AD,
in AP generation and clearance; tau pathology; metabolic dysregulation; synaptic
plasticity; neurotransmitter recycling; and neuron death and survival. The neuron-
centric perspective of the pathogenesis of AD has largely failed in terms of transla-
tional research since no effective drug has been developed for AD till date. So in a
fresh approach, neurons must be studied as an integrated part of a community of
nonneuronal cells which are all victims of the initial pathological insult in AD and
how among them astrocytes play a dominant role in recovering the health of the
brain and their subsequent failure leading to disease progression. It is now
recognized that astrocytes have an essential role in the brain as well as are heavily
involved in the pathogenesis and progression in AD. Thus understanding them will
further pave the way for the development of important early stage AD biomarkers or
novel targets for therapy.

2.1 Types and Subtypes

The astrocyte population is heterogeneous. It would be thus interesting to learn how
a shift from the physiological balance to the disease state affect them in terms of
phenotype, behavior, cellular signaling, and intercellular interactions. Astrocytes
elicit distinct effects in response to plaques and neurofibrillary tangles, aggregated
AP, and hyperphosphorylated tau in AD, which maybe neuroprotective or
detrimental.

Physiological Subtypes

Astrocytes account for 20-40% of all neuroglial cells based on the brain region.
Astrocyte, named so for its stellate morphology, has been long debated for its
constitution given the diversity in its types as well as the similarities it shares with
other cell types in the CNS. The diversity of astrocytes is summarized in a review by
Verkhratsky et al. (2019b) and has been discussed in previous chapters.

Astrogliopathology
A basic involvement of astrocytes in neuronal pathology was suggested by Santiago
Ramon y Cajal, Alois Alzheimer, Franz Nissl, Pio del Rio Hortega, and William
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Lloyd Andriezen, the latter indicating that the astrocytes “exhibit a morbid hypertro-
phy in pathological conditions” (Andriezen 1893). Pathological alternations in the
morphology of astrocytes are very complex and are disease-stage specific. They are
subject to changes in the course of disease progression and evolution as depicted by
Verkhratsky et al. (2019b). As mentioned by the group, the three major categories
portrayed on the basis of phenotypes of astrogliopathology are—(a) reactive
astrogliosis, (b) astrodegeneration with astroglial atrophy and loss of function, and
(c) pathological remodeling (Pekny et al. 2016; Verkhratsky et al. 2017). Excluding
reactive astrogliosis, the other two groups are together categorized as
astrocytopathies.

Astrocyte Reactivity or Reactive Astrogliosis
Astrocytes undergo remarkable alterations morphologically, transcriptionally, bio-
chemically, and functionally to generate a heterogeneous population in response to
any CNS insult and are collectively termed as reactive astrocytes. An agglomeration
of multidimensional data based on transcriptomic and proteomic studies indicate
extensive yet subtle functional diversities in reactive astrocytes that impact the
disease progression in disparate ways (Anderson et al. 2014). Astrocytes are consid-
ered as one of the first responders to a pathological insult to the brain that undergo
huge molecular and functional metamorphoses as mentioned above, yet some of
those alterations may resolve while others persist (Escartin et al. 2019). Recently, in
a consensus report from glial biologists across the globe, reactive astrogliosis, more
accurately astrocyte reactivity is defined as a highly complex disease-stage and
disease-specific phenomenon encompassing all the potential reactive states of
astrocytes where ‘“‘state” may be defined as a temporary or permanent remodeling
of astrocytes (Escartin et al. 2021). Astrocyte reactivity is a response to pathological
insult and may be classified based on the nature of triggering stimulus which may be
external in nature or cell-autonomous in its generation (Fig. 1). Upregulated
expressions of glial fibrillary acidic protein (GFAP), Nestin, Vimentin, or s100p
proteins indicating the presence of hypertrophic astrocytes are heavily detected in
AD postmortem brains (Verkhratsky et al. 2016). They are often found in association
with senile plaques representing a transcriptomic profile dominated by
pro-inflammatory cytokines both in rodent AD models and in human AD patients
(Li et al. 2011a). Reactive astrocytes are also seen as the driving force behind the
neuroinflammatory processes in AD such that inhibition of astrocytic activation in
APP/PS1mice attenuated neuroinflammation while improving cognitive functions
and reducing Ap plaque deposition (refer Table 1 for details) (Furman et al. 2012).
Pro-inflammatory cytokines released by reactive astrocytes can indeed act through
autocrine signaling to increase the synthesis and release of Ap from the reactive
astrocytes themselves (Blasko et al. 2000), besides reducing microglial Af phago-
cytosis (Koenigsknecht-Talboo and Landreth 2005), or they may act on neurons
directly increasing caspase-3 activity, altering tau phosphorylation and eventually
leading to neuronal death (Garwood et al. 2011).

In other cases, reactive astrocytes were detected prior to the appearance of
amyloid plaques (Wang et al. 2018) and inhibiting astrocyte reactivity propagated
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Astrocyte Reactivity

! |

Triggered by non-cell Triggered by Cell-
autonomous or autonomous
External stimuli perturbations

Alexander’s disease,
Hepatic encephalopathy,

AD-related polymorphisms
in APOE (specific to

l__l l_—l l | l astrocytes), HD

Sporadic Genetically Acute Chronic  Systemic Specific  Detrimental
mediated pathology insultor experimental
disease in manipulation
CNS
Sporadic  Familial AD,  Traumatic AD, Sepsis  Brain trauma
AD, HD, Brain PD, ALS, Stroke
PD, ALS PD Injury Stroke Post-traumatic
epilepsy

Fig. 1 Classification of Astrocyte reactivity based on the nature of stimuli: Astrocyte reactivity is
defined as astrocytes’ reaction to an insult (Escartin et al. 2021). The accepted terminology is
“astrocyte reactivity” and is used to distinguish the astrocytes responding to a pathological insult
from “astrocyte activation” which defines astrocyte plasticity in response to various physiological
stimuli in the CNS. We have indicated the two types of triggering stimuli that induce astrocyte
reactivity and given some examples of associated diseases in each subcategory. AD, Alzheimer’s
disease; PD, Parkinson’s disease; ALS, amyotrophic lateral sclerosis; HD, Huntington’s disease

amyloid pathology in a mouse model of AD (Kraft et al. 2013). These data allude to
a neuroprotective ability of the reactive astrocytes in facilitating A clearance
especially in early disease stages (Saha et al. 2020). Thus, reactive astrogliosis is
not a straight pathological reaction that leads to brain damage; instead, it can be
thought as an initial defensive mechanism to protect the neurons from further
damage. Notably, domain organization of reactive astrocytes is not lost in AD
(Oberheim et al. 2008), and astrocytic proliferation is only rarely detected in AD
animal models (Sirko et al. 2013). Thus, a mild astrogliotic response is initially
induced in AD by several potential molecules, namely, Af or certain cytokines and
chemokines or molecules secreted from injured cells. With the emergence of
transcriptome profiling as a major tool to distinguish certain type of reactive
astrocytes on the basis of specific genes other than Gfap from the rest, Zamanian
et al. (2012) and Liddelow and Barres (2017) first profiled pure reactive astrocytes.
They showed that upon treatment of a group of mice with lipopolysaccharide (LPS)
that induces a neuroinflammation model and by occluding middle cerebral artery
(MCAO) in others producing an ischemic model, gene profiles of the reactive
astrocytes in each of these two models were strikingly different. This work was
further explained by Liddelow and Barres (2017) who first named these two
subtypes of reactive astrocytes as Al and A2, in LPS-induced brain inflammation
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Table 1 Details about the transgenic mice models of Alzheimer’s disease

Transgenic models in Alzheimer’s disease (mentioned in this chapter)

Transgenic

mouse

model Mutations

Tg2576 APP (isoform 695) KM670/

(APPswe) 671NL (Swedish)

APP/PS1 APP KM670/671NL
(Swedish) + PSEN1 L166P

ArcAp APP KM670/671NL
(Swedish) + APP E693G
(Arctic)

Tg-ArcSwe | APP KM670/671NL
(Swedish) + APP E693G
(Arctic)

3xTg APP KM670/671NL

(Swedish) + MAPT
P301L + PSEN1 M146V

Characteristic pathological phenotypes

Parenchymal A plaques observed by 11—

13 months in the neocortex and hippocampal
regions. Tends to collect elevated levels of Ap
and display age-related extensive cognitive
deficits. Limited or no tangles (Hsiao et al.
1996)

AP plaque deposition begins in the neocortex
at around 6 weeks of age. Neuritic processes
showing phosphorylated tau detected near the
amyloid deposits, but there were no fibrillar
tau inclusions (Jankowsky et al. 2004)

At around 6 months, amyloid pathology
impacting both brain parenchyma and
vasculature is observed. In the parenchyma,
AP pathology begins as punctated intracellular
AP deposits in the hippocampus and cortex
(Knobloch et al. 2007)

Significant AP pathology, with enhanced
levels of soluble A aggregates including AP
protofibrils, an increased accumulation of Af
inside neurons, and more detectable senile
plaques than commonly seen with Swedish
mutation alone. Intraneuronal A at 1 month
while extracellular plaques at 5 months (Lord
et al. 20006)

Fertile, viable, and does not show any gross
physical or behavioral anomalies in the
beginning but progressively develops plaques
and tangles in an age-associated manner.
Extracellular A deposits at 6 months in the
frontal cortex, extensive plaques, and tau
pathology at 12 (Oddo et al. 2003)

(probably detrimental) and in MCAO (probably beneficial) models, respectively.
They also tracked the Al-reactive phenotype to AD (Liddelow et al. 2017). The
review further indicates that there might be more than the abovementioned two states
of reactive astrocytes and that it is a subject of future research. A1 reactive astrocytes
activate several genes of the complement cascade that have previously been reported
to be deleterious to synapses including C3 protein through activation of NFkB
pathway besides several other proinflammatory genes including SSP1, CXCL1,
CXCL2, Serpingl, H2-D1, Ggtal, etc. (Zamanian et al. 2012). In contrast, A2
astrocytes expressed elevated levels of several neurotrophic factors some of which
play significant roles in anti-oxidative pathways including arginase-1, Nrf2, PTX3,
SPHK1, and TM4SF1 (Zamanian et al. 2012) promoting neuronal survivability as
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well as inducing thrombospondins that promote synapse repair. They have also
raised the question that A1 and A2 might represent the extreme ends of a continuum
of reactive astrocytes. The authors have also expressed their doubt about this
heterogeneity which may or may not be predetermined. Whether the heterogeneity
is established during the developmental period that dictates individual astrocyte to
activate in a specific way remains an open question. More recent studies utilizing
single-cell and single-nucleus RNAseq reveal that only a subset of reactive
astrocytes identifiable by a mixture of Al and A2 or pan reactive transcripts are
increased manifold in mice and human brains along neurodegenerative disease
progression including in AD (Grubman et al. 2019; Zhou et al. 2020; Habib et al.
2020). It is apparent that several reactive phenotypes of astrocytes exist beyond those
identified to date. It would be thus really interesting to identify the key cellular
switch that converts these reactive astrocytes to each of the distinct reactive states. A
recent kinetic study revealed the secretomes of Ap-activated astrocytes in primary
culture model (Saha et al. 2020). Intriguingly, the early-hour Af activated astrocytes
secreted cytokines and chemokines that are commonly associated with
neuroprotection such as tissue inhibitor of metalloproteinase 1 (TIMP-1), intercellu-
lar adhesion molecule-1 (SICAM-1), cytokine-induced neutrophil chemoattractant
1 (CINC-1/CXCL1), macrophage inflammatory protein-1 alpha (MIP-1a/CCL3),
and interleukin-2 (IL-2) and indeed the astrocyte-conditioned medium was found to
protect the neurons against A toxicity in cortical culture AD model. The late-hour
astrocyte-conditioned medium comprised of an upregulated level of
pro-inflammatory cytokines, namely, fractalkine and CINC-2a/p, and they were
shown to be detrimental towards neurons. Hence, it may be derived that the early
time point reactive astrocytes may represent A2-like (Al-like term is subsequently
used here to indicate all the neurotoxic astrocyte states and A2-like to indicate
neuroprotective phenotypes; not related to A1/A2 nomenclature by Barres group)
phenotype while at the late time points, they mirror the Al-like phenotype. How-
ever, this theory requires further investigation. Taking cue from their proposal and
the recent work from Saha et al.’s group, it may be hypothesized that in AD, the
A2-like astrocytes actually precedes the Al-like astrocytes where the initial failure in
protection by A2-like can lead to AD progression. Thus presence of A2-like, with its
distinct gene/secretion profile, can be used as an early stage indicator in various
models of AD. Further investigation of its gene/secretion profile may divulge novel
therapeutic targets.

Astroglial Atrophy

There is evidence of astrocyte atrophy besides gliosis in AD transgenic mice
particularly at early stages of disease progression thus indicating the significance
of loss of function and atrophy besides gain of function and hypertrophy. The
disintegration of calpain-positive glial processes and the excitatory amino-acid
transporter 2 (EAAT-2) loss in human tissue are evidences of this phenomenon
(Garwood et al. 2017). Age-related white matter lesions also displayed loss of
astrocytic processes related to dysfunctional blood-brain barrier (BBB) and serum
plasma protein uptake (Tomimoto et al. 1996; Simpson et al. 2007). Several reports
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indicate towards a brain region specific astroglial atrophy wherein hippocampal
GFAP-positive hypertrophic astrocytes were associated with Ap plaques, while at
a distance from the plaque, at the entorhinal and prefrontal cortices, GFAP profiles
were found to be atrophic (Olabarria et al. 2010). Restricting to the study of
hypertrophic astrocytes and neglecting atrophic responses in astrocytes may over-
look crucial alterations in AD.

2.2 Metabolic Balance and Imbalance Regulated by Astrocytes
in AD

Metabolic Dysregulation in AD

Astrocytes play an inevitable role in maintaining the metabolic homeostasis of brain
by supporting the neurons through neurotransmitter signaling, restoring ionic
gradients and providing energy substrates and cholesterol (Cai et al. 2017). Meta-
bolic dysregulation in the brain including altered glucose metabolism and mitochon-
drial function is a common feature of AD pathology leading to the development of an
overall hypometabolic scenario in the CNS (Forster et al. 2012; Yao et al. 2011).
Progressive loss in glucose utilization in relation to different stages of AD (De Santi
et al. 2001) as well as a presymptomatic reduction in cerebral glucose metabolism in
AD compared to healthy controls (Mosconi et al. 2009), especially in regions that are
more vulnerable to AD pathology, present this aspect with a diagnostic significance
(Rodriguez-Vieitez et al. 2016; Mosconi et al. 2008; Bero et al. 2011; Oh et al. 2016;
Mosconi 2013). A recent report has emphasized on the role of astrocytes in
contributing to the 18-fluorodeoxyglucose (18F-FDG) PET signaling, classically
used for detecting neuronal activity and diagnosis of different stages of AD (Zimmer
et al. 2017). In this hypometabolic scenario, there is a dysregulation of metabolic
enzymes, mitochondrial complexes, and nutrient transporters where reactive
astrocytes play a crucial role (Cai et al. 2017). Indeed Zulfigar et al. (2019)
highlighted that AD is a metabolic disease based on the “neuroenergetic hypothesis”
where a hypometabolic brain condition skews the APP metabolism towards the
amyloidogenic pathway from the non-amyloidogenic one. This was substantiated by
reports that patients with viral infections including cytomegalovirus, Epstein-Barr
virus, human herpes virus-6, as well as with diseases such as diabetes mellitus, well
known to be linked to glucose dysregulation were found to be at enhanced risk for
developing AD (Carbone et al. 2014; Blonz 2017; Prasad et al. 2014). This
hypometabolic condition can be largely attributed to the reactivated state of
astrocytes with an altered metabolism that can induce AP generation from astrocytes
themselves (Frost and Li 2017). Numerous reports suggest that an aberrant astrocytic
metabolism could trigger AD development (De Strooper and Karran 2016). Reactive
astrocytes in AD present reduced metabolic support to the neurons through dimin-
ished glutamate uptake, attenuated energy supply due to compromised rate of
glycolysis and subsequent lactate release, and diminished oxidative support
(Zulfiqar et al. 2019). Thus AP accumulation, tau hyperphosphorylation, and the
resulting neuronal death in AD may be the outcome of an overall failure by
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astrocytes in maintaining brain homeostasis (Gong et al. 2006). An interesting theory
recently proposed by Cotto et al. (2019), supported by substantial evidences, states
that there is an enhanced mitochondrial metabolism in astrocytes, especially with age
or under stress, which is in stark contrast to the decreasing neuronal mitochondrial
metabolism under similar conditions. This indicates a shift from the anaerobic
glycolysis that produces lactate towards an enhanced mitochondrial functioning
within the astrocytes. This further triggers the hypometabolic state for neurons that
are largely dependent on these astrocytes. Hence, neurons find themselves under
metabolite deprivation finally leading the aging brain towards neurological disorders
including AD. Moreover, diminished expressions of astrocytic GLUT1 and neuronal
GLUTS3, essential for the uptake of glucose, have been found in postmortem AD
brain (Simpson et al. 1994). Similarly, it has been shown that astrocytes from
transgenic ArcAP mice (refer to Table 1 for details) have reduced expression of
astrocytic GLUT1 and lactate transporters which preceded a widespread A plaque
deposition (Merlini et al. 2011). Exposure of cultured astrocytes to Ap triggered their
reactive states and altered their cellular metabolism. However, both increase
(Allaman et al. 2010) and decrease (Parpura-Gill et al. 1997; Soucek et al. 2003;
Abeti et al. 2011) in glucose utilization were noted by different groups. Conversely,
impaired glycolysis in fetal astrocytes from human has been shown to stimulate Ap
aggregation (Fu et al. 2015). Metabolic dysfunction in astrocytes is thus a direct
trigger for Ap pathology in AD. An increase in activity of f- and y- secretase within
the reactive astrocytes during metabolic dysregulation leads to AP production. This
is again associated with a reduction in A clearance. Additionally, Af pathology
maybe indirectly promoted by neuroinflammation and oxidative stress induced by
the metabolic dysfunction in astrocytes (Cai et al. 2017). Reactive astrocyte-induced
high levels of glucose imbalances in AD may magnify lipid peroxidation that
progressively reduces the antioxidant systems, inducing elevated oxidative metabo-
lism that hampers cell structure further promoting neuronal damage and Ap deposi-
tion (Rojas-Gutierrez et al. 2017).

Dysregulation in Astrocytic Metabolic Enzyme Activity

The activities of major glycolytic enzymes undergo significant alterations in AD.
Glucose-6-phosphate dehydrogenase (G6PDH) showed decreased activity in the
hippocampal region whereas lactate dehydrogenase (LDH), phosphofructokinase
(PFK), and pyruvate kinase (PK) were upregulated in the frontal and temporal
cortices (Bigl et al. 1999; Cotto et al. 2019). This enhanced activity of LDH, PFK,
and PK is directly correlated with GFAP levels and were found to colocalize with
GFAP-positive reactive astrocytes indicating that though neuronal metabolism was
decreased in AD, astrocytic metabolism was enhanced (Liang et al. 2008).

Altered Insulin Metabolism

Altered insulin metabolism forms another aspect of metabolic dysfunction in AD as
reports unraveled that both insulin and insulin-like growth factor 1 (IGF-1) are
reduced in AD brains (Rivera et al. 2005). Hereby, astrocytic IGF-1 signaling
protects neurons from Ap-induced toxicity and oxidative stress (Pitt et al. 2017).
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Moreover, insulin is the main regulator of glycogen synthesis in astrocytes
(Falkowska et al. 2015). However, in AD, glycogen synthase kinase 3 (GSK3)
over-activation due to diminished insulin signaling inhibits glycogen synthase,
responsible for glycogen production, leading to associative learning deficits
(Duran et al. 2013).

23 Reactive Astrocytes in Neuroinflammation in AD

Importance of Neuroinflammation in AD

Neuroinflammation may be considered as an innate protective response in order to
regulate processes triggered by an injury or disease in the CNS. However, a slight
aberration in any of the components in this response may alter their fate altogether
having catastrophic effects on the brain (Gonzalez-Reyes et al. 2017). AD is one
such disease associated with a neuroinflammatory response that has gone awry
(Ransohoff 2016). In fact, neuroinflammation, besides AP deposition, can dictate
cognitive deterioration in AD. For instance, upon suppressing microglia and
astrocyte-mediated inflammatory responses, there was a significant improvement
in cognitive abilities, even in a pre-amyloid scenario (Acosta et al. 2017). It has been
reported that AD mouse brains have highly upregulated levels of pro-inflammatory
cytokines—TNFa, IL-6, IL-1f, and IL-1o—that were linked to an increased level of
AP (Patel et al. 2005). AD brain displays upregulated expression of genes related to
inflammation compared to age-matched controls, thus contributing to progressive
neurodegeneration and cognitive loss (De Strooper and Karran 2016). Importantly,
elevated levels of pro-inflammatory cytokines were produced from reactive
astrocytes especially those surrounding amyloid plaques in AD patients and also
in AD models (Li et al. 2011a).

Astrocytes Taking a Center Stage

Both microglia and astrocytes are involved in the multilayered complex process of
neuroinflammation by secreting a diverse pool of cytokines, chemokines, and other
cellular mediators (Sofroniew 2014b). These molecular mediators can regulate every
component of neuroinflammation including pro-inflammatory and anti-
inflammatory processes as well as responses of neuronal and nonneuronal cells to
insults such as AP. Though microglia have been extensively studied as the major
contributor in AD, the role of astrocytes in neuroinflammation is slowly but surely
taking the center stage. GFAP-positive astrocytes from the cortex of APP/PS1
transgenic AD mice were subjected to transcriptional analysis which revealed a
pro-inflammatory profile significantly elevated in comparison to the control mice
group. Moreover, the number of genes that were induced as well as the fold-change
at the expression level was more prominent in the astrocytes than the microglial
cells. This affirms the astrocytes as the major contributor to the cytokine production
and is the pivotal factor in mediating disease progression. This trend was fortified
from transcriptomic analysis of human AD astrocytes (Orre et al. 2014a; Garwood
et al. 2017). Notably, the reactivated astrocytes are the key contributors towards the
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neuroinflammatory processes in AD. Furman et al. (2012) showed that adeno-
associated virus (AAV)-mediated inhibition of astrocytes reactivity in APP/PSI
mice by interfering with the inflammatory calcineurin/NFAT pathway ameliorated
synaptic and cognitive functions, diminished astrogliosis and reduced AP deposition
(Furman et al. 2012). Indeed evidence suggests that Ap can induce secretion of
astrocytic proinflammatory cytokines that can eventually lead to synaptic loss and
neuronal death in AD (Furman et al. 2012; Garwood et al. 2011; Iram et al. 2016).
The secreted pro-inflammatory cytokines can in turn dictate the reactive astrocyte
themselves to enhance their A production as well as release (Blasko et al. 2000) and
direct the surrounding microglial cells to reduce phagocytosis of Af
(Koenigsknecht-Talboo and Landreth 2005). Overall, these factors ensure the prop-
agation of a toxic cycle leading to greater AP plaque deposition in the CNS. Besides
the calcineurin/NFAT pathway in reactive astrocytes that help propagate the inflam-
matory morphology in AD leading to dendritic spine loss (Notris et al. 2005; Wu
et al. 2010), NF-xB pathway is triggered within reactive astrocytes by A in vitro
which induces enhanced expression of pro-inflammatory cytokines including IL-1
and IL-6 (Bales et al. 1998) and inducible nitric oxide synthetase (Akama et al.
1998). Reactive astrocytes secreted s100p acting in an autocrine fashion can prolong
the activated state of NF-xB signaling pathway (Lam et al. 2001). Notably, as
mentioned earlier C3 is a complement protein, now considered a major marker of
astrocytic pro-inflammatory A1 phenotype is also a target gene of NF-xB (Liddelow
et al. 2017; Perez-Nievas and Serrano-Pozo 2018). Liddelow (2017) demonstrated
that reactive astrocytes with the A1l phenotype are in fact induced by three critical
cytokines—IL-1a, TNFa, and Cl1g—released by activated microglial cells.

Blood-Brain Barrier in AD

It is widely known that BBB loses its integrity in AD (Chakraborty et al. 2017) and
thus contributes to neuroinflammation. Ap accumulation in the blood vessels of AD
brain and the associated vascular inflammation induces a cross communication
between the brain and the peripheral nervous system (Takeda et al. 2014). Astrocyte
end-feet being a major constitutive component of the BBB may be considered as a
critical member in the BBB-linked neuroinflammation in AD (Gonzalez-Reyes et al.
2017). Several reports already point towards an interaction between reactive
astrocytes and peripheral immune cells (Escartin et al. 2019). Treg cells attenuate
the Al-like phenotype of reactive astrocytes by regulating STAT3, IL-6, and
amphiregulin signaling (Ito et al. 2019). However, STAT3-positive reactive astro-
cyte subpopulation (indicating the A2-like subtype) can regulate the innate and
acquired immune system by restricting the recruitment of CD8+ lymphocytes
while increasing the population of CD74+ microglia/macrophage thus inducing a
pro-metastatic environment (Priego et al. 2018). Thus, such complex and bidirec-
tional communication between reactive astrocytes with various types of peripheral
immune cells remains to be investigated in AD models where evidence of a leaky
BBB abounds.
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Microglia-Astrocyte Cross Talk

It is often considered that microglia are the first ones to respond to an injury or
disease through cytokine secretion. The activated microglia then further instigate the
astrocytes towards their reactive profiles (Sofroniew 2014b). It is already established
that upon LPS injection, activated microglia secrete IL1a, TNFa, and C1q to induce
the A1 astrocytes (Liddelow et al. 2017). However, methotrexate chemotherapy can
activate microglia which in turn trigger the A2-like phenotype of astrocytes (Gibson
et al. 2019). Reports indicating that IL-10 exacerbates Ap-associated phenotypes in
mouse models of AD suggested that the microglial IL-10 triggered astrocytic ApoE4
expression which then acting in a loop reduced the ability of microglia to phagocy-
tose AP (Chakrabarty et al. 2015; Guillot-Sestier et al. 2015). Hence, it seems that the
microglia dictate the reactive astrocyte phenotypes, but the reverse may also be true.
Evidence indicates that reactive astrocytes can also upregulate the release of various
cytokines and chemokine molecules that can trigger the activated profiles of the
neighboring microglia (Ceyzeriat et al. 2018; Orre et al. 2014a; Zamanian et al.
2012). For example, direct Ap-induced NF-xB pathway activation in reactive
astrocytes eventually secrete an enhanced level of C3 extracellularly, which can
then induce the expression of C3a receptor on both microglia and neuron further
leading to an impaired microglial AP uptake and eventual plaque formation and
cognitive damage in AD (Lian et al. 2016).

Astrocytic Neuroinflammatory Profile Correlates with AD Stage
Astrocyte and microglia—the major responsive cells themselves behave differently
depending on the context and extent of neuroinflammation. Hence, their own
phenotype as well as their secretion profiles may reflect their contribution towards
the neuroinflammatory changes. Transgenic models with cell type-specific loss of
functions have been used to study intracellular effector molecules that dictate the
astrocytes’ pro-inflammatory or anti-inflammatory functions. Some of the
molecules, including SOCS3, NF-«xB, ACT1, CCL2, CXCL10, and VEGF, promote
astrocytic proinflammatory reactions in response to CNS injury and inflammation.
The anti-inflammatory role of astrocytes is mediated by several cytokines like
TGF-p, IL-6, IL-10, IL-11, IL-19, and IL-27 and intracellular molecules like
STAT-3, A20, GAL9, and CRYAB. It has also been suggested that the expression
of several receptors like ER-a, GP-130, and DRD-2 exert their effect in diminishing
the acute pro-inflammation (Sofroniew 2015). Recent reports also suggest that small
intercellular effector molecules like retinoic acid not only reduce neuroinflammation
and oxidative stress but also prevent BBB damage (Mizee et al. 2014). Few miRNAs
like miR-181, miR-17-5p, and associated proteins, namely, Dicer-1, have been
reported to get activated during neuroinflammation which may be needed to initiate
the scar forming proliferating astrocytes through activating JAK-STAT signaling
mechanism (Hutchison et al. 2013; Hong et al. 2014).

While Pekny et al. have shown the mechanism of reactive astrogliosis as a
defensive phenomenon undertaken by astrocytes at initiation of the disease (Pekny
et al. 2016), chronic AP presence may eventually activate astrocytic cell receptors
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such as receptor for advanced glycation end products (RAGE) which in turn induces
the NF-xB pathway. Proinflammatory cytokine IL-1p, thus secreted downstream of
the pathway, act on astrocytes in an autocrine manner inducing further Ap synthesis
and enhances astrocytes’ pro-inflammatory secretion profile (Gonzalez-Reyes et al.
2017). Thus reactive astrogliosis conventionally observed as an inflammatory
response in AD brain may be alternatively seen as a highly complex, diverse, and
multistep phenomenon with both detrimental and protective facets depending on
context such as the stage in AD progression. Heneka et al. (2015) have already
reported a transition of microglia from its beneficial M2 phenotype to the detrimental
M1 phenotype represented by their characteristic cytokine profiles from an inflam-
matory perspective during disease progression. A similar shift may be predicted in
case of astrocytes, a significant partner in “neuroinflammation” crime at later stages
of the disease. Thus, neuroinflammation is not necessarily an outcome of amyloid
plaque deposition in AD but plays a greater role in modulating disease progression.

24 Role of Astrocytes in A3 Clearance and Production

AB Uptake and Clearance

The very first indication that astrocytes may play a role in A clearance was reported
by Wyss Corey et al. (2003) in cultured mouse astrocytes which have the ability to
uptake and degrade AP. Af-containing astrocytes were also detected earlier by
Funato et al. (1998) in an aged human brain, by Thal et al. in human entorhinal
cortex (Thal et al. 2000), and by others in AD brain especially in those surrounding
amyloid plaques (Kurt et al. 1999; Yamaguchi et al. 1998). The astrocytes
surrounding AP plaques are mostly recognized as reactive astrocytes which not
only restrict the AP plaques from diffusing outside, thus limiting their growth and
preventing them from affecting the healthy neurons (Sofroniew 2009) but also are
involved in increased AP phagocytosis (Arranz and De Strooper 2019). In fact both
ex vivo and in vivo studies using adult human or mouse astrocytes transplanted in
plaque-bearing AD animal models re-established that astrocytes indeed phagocytose
and clear AP (Koistinaho et al. 2004; Pihlaja et al. 2008; Nielsen et al. 2009, 2010).
Consistently, ablation of GFAP or vimentin-expressing reactive astrocytes lead to an
increase in plaque growth in APP/PS1 mice (Kraft et al. 2013). Importantly, almost
all isoforms of A such as monomers, oligomers, and fibrils can be found within
astrocytes in cortices of AD patients (Osborn et al. 2016). Basically two mechanisms
are at play in reactive astrocyte-mediated Af plaque removal—phagocytosis (uptake
followed by lysosomal degradation) and secretion of various AfB-degrading enzymes
(Perez-Nievas and Serrano-Pozo 2018).

Astrocytes have several receptors that can mediate AP uptake. However, whether
the uptake will subsequently lead to degradation and clearance of AP or will result in
accumulation and destruction of the astrocytes themselves depends on multiple
factors including age or stage of the disease, relative expression levels of various
receptors, receptor isoforms, or intracellular signaling changes following uptake.
Low-density lipoprotein receptor-related protein 1 (LRP1) is one such receptor that
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is responsible for uptake and clearance of Ap (Basak et al. 2012; Kim et al. 2009).
But it is also recognized as a receptor of ApoE and ApoE-AP complexes where
ApoE itself is considered a major contributor in AP removal (Garwood et al. 2017).
Reports suggest that both ApoE-dependent as well as ApoE-independent
mechanisms exist for AP uptake. ApoE-null astrocytes are found to be less effective
in AP plaque clearance (Koistinaho et al. 2004) which contradicts another study that
showed AP and ApoE compete between themselves for binding with LRP1 on
astrocytes without interacting with each other (Verghese et al. 2013). Moreover,
ApoE is found in reactive astrocytes surrounding the AP plaques (Terai et al. 2001;
Koistinaho et al. 2004). However, ApoE is also linked to the initial seeding of Af
plaques (this will be discussed later in this section). Besides LRP-1 and ApoE,
low-density lipoprotein receptor expressed mostly in astrocytes can also uptake A
in an ApoE-independent manner (Basak et al. 2012; Katsouri and Georgopoulos
2011). An enhanced expression of scavenger receptor class B member 1 (SRB1) was
detected in astrocytes in response to AP especially when AP was associated with
either serum amyloid P-complement component 1, q subcomponent (SAP-C1q), or
ApoE (Mulder et al. 2012). Earlier it was already reported that SRB1 is linked with
Ap uptake in adult mouse as well as in human astrocytes (Wyss-Coray et al. 2003;
Husemann and Silverstein 2001). Moreover, there is evidence of Af binding and
engulfment via CD36 and CD47 receptors in cultured astrocytes (Jones et al. 2013).

Astrocytes play another significant role in initial stages of AD by removing and
subsequently degrading AP from brain parenchyma across BBB draining in the
perivascular space (Cai et al. 2017). Three main receptors of Ap that come into
play here are—aquaporin-4 (AQ4) mediates perivascular drainage of Ap from CSF
(Iliff et al. 2012), and LRP1 regulates the efflux of AP from the brain into circulation
while another receptor RAGE regulates the influx of AP from the circulation into
brain (Cai et al. 2017). Relative LRP1 and RAGE receptor expression are a crucial
factor in AD progression. Following AP uptake, several changes may occur within
astrocytes. Tissue samples from patients with AD showed an upregulated level of a
chaperone complex called heat shock protein 8-Bcl2-associated anthanogene
3 (linked to misfolded protein degradation) in astrocytes and has a plausible role
in cytoskeletal remodeling in areas of neuronal damage (Seidel et al. 2012). The
astrocyte-mediated phagocytosed Af is suspected to be degraded via lysosomal
degradation at least at the early stages of disease progression. Increasing lysosomal
biogenesis within astrocytes in APP/PS1 mice by introduction of transcription factor
EB resulted in enhanced AP phagocytosis and breakdown (Xiao et al. 2014).
Reactive astrocytes, especially at the early stages of AD, may also influence the
surrounding microglia to increase their AP phagocytosis ability (Kim et al. 2018).
However, in the later stages of AD, microglia may be actively induced by reactive
astrocytes to contribute to AP} deposition.

Postmortem studies on AD patients have also revealed several Af-degrading
enzymes expressed by reactive astrocytes, namely, insulin degrading enzyme
(IDE), neprilysin (NEP), endothelin-converting enzyme-2 (ECE-2), and matrix
metalloproteinases (MMPs) (Carter et al. 2019). IDE expression is enhanced in
reactive astrocytes surrounding amyloid plaques in Tg2576 mouse (refer to
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Table 1 for details) (Leal et al. 2006). Metalloprotease NEP can be secreted by
reactive astrocytes as well as microglia for extracellular Ap degradation (Mohajeri
et al. 2002; Apelt et al. 2003). ECE-2 on the other hand is released by reactive
astrocytes as well as by neurons and microglia for AP breakdown (Palmer et al.
2009). MMPs such as MMP-2 and MMP-9 also show increased expressions in
reactive astrocytes around AP plaques such that inhibitors of MMP-2/9 reduce
astrocyte-conditioned medium-mediated AP degradation (Yin et al. 2006). However,
this MMP concept contradicts our work (Saha et al. 2020) which shows that TIMP-1
induces AP plaque clearance from AD rat brain. The contradiction may be due to
difference in experimental approaches or may be due to the binding of TIMP-1 to
other receptors rather than MMPs to show a neuroprotective role. Nevertheless,
other mechanisms involving ApoJ, a2-macroglobulin, «1-21 antichymotrypsin, and
secretion from astrocytes also assist AP degradation (Carter et al. 2019). They can
even bind to Ap attenuating their ability to constitute insoluble plaques subsequently
facilitating their clearance across BBB (Ries and Sastre 2016).

AB Production and Astrocytes

Reactive astrocytes are also involved in AP production. AP itself can upregulate the
astrocytic expressions of BACE1, APP, and the processing of f-secretase and
y-secretase enzymes resulting an increased accumulation of oligomeric A that
develops further into amyloid plaques (Garwood et al. 2017; Grolla et al.
2013a, b). For example, BACE1 primarily expressed in neurons for amyloidogenic
cleavage of APP is also detected within reactive astrocytes encompassing the Ap
plaques in transgenic models of AD (Jin et al. 2012; Orre et al. 2014b; Yamamoto
et al. 2007) and in patients with AD (Hartlage-Rubsamen et al. 2003; Rossner et al.
2005). Ap may also activate astrocytes into secreting various cytokines that are
responsible for increasing the amyloidogenic cleavage of APP in astrocytes
(Garwood et al. 2017). A cytokine TNFa was linked to the enhanced expression
of astrocytic BACE1 and the resultant AP deposition (Yamamoto et al. 2007).
Notably, other reports supported the finding that TNFa, IFNy, and AP itself can
enhance the expression of BACE1, APP, and production of AP from astrocytes
in vitro and in vivo (Zhao et al. 2011). Indeed LPS injection in mouse (now denoted
as the Al-like astrocyte model) reportedly increased the APP expression by twofold
in an APPswe mouse brain (refer to Table 1 for details) (Liddelow et al. 2017; Sheng
et al. 2003). Consistently, LPS injection induced a magnified BACE]1 activity and a
threefold enhancement in both AP42 and AP40 production with a concurrent
upregulation in GFAP expression in the cortex and hippocampus (Sheng et al.
2003). Interestingly, energy deficiency especially the hypometabolic state in
advanced AD stages increases BACEI expression and amyloidogenic processing
of APP in astrocytes producing A both in vitro and in vivo (Sheng et al. 2003). Both
amyloidogenic and non-amyloidogenic processing of APP result in APP intracellu-
lar domain (AICD) which negatively regulates LRP1 expression. In reactive
astrocytes associated with amyloid plaques, AICD levels are high and hence may
be implicated in inhibition of astrocytic LRP1-mediated AP phagocytosis (Osborn
et al. 2016). In contrast to the concept of AQ4-mediated AP clearance from CSF,
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upregulated levels of AQ4 in plaque-surrounding reactive astrocytes in Tg-ArcSwe
AD mouse model (refer to Table 1 for details) may also suggest a contribution of this
protein in plaque formation (Yang et al. 2017).

A Hypothesis for Astrocyte Function in AP Clearance or Its Production
Overall, the reactive astrocytes in AD may either induce Ap uptake and clearance, or
they may accelerate AP production albeit under disparate circumstances that are
elaborated below. “Age” is a major factor that decides the ability of astrocytes in
uptaking and subsequently degrading Af in an effective manner in AD (Garwood
et al. 2017). The intracellular presence of AP in astrocytes often interpreted as a
neuroprotective phenomenon leading to AP clearance may be contrarily implicated
in AP plaque progression. Inability in degrading A following uptake especially at
advanced AD stages may lead to the death of Ap-overloaded astrocytes and further
contribute to secondary plaques (Nagele et al. 2004). It was also indicated that
uptake of AP may subsequently alter the astrocyte’s phenotype (Garwood et al.
2017), but whether it would proceed from an initial protective A2-like phenotype to
the later detrimental A1-like upon Af uptake is not yet known. Allaman et al. (2010)
reported that astrocytic AP uptake via type A scavenger receptor family altered the
signaling pathway that regulated astrocytic metabolism inciting detrimental effect on
nearby neurons, corroborating the idea of Af uptake not necessarily being beneficial.
All the mechanisms of A clearance may be progressively challenged in AD.
Astrocytes of older AD mouse internalized 20% and 35% lower amount of A
compared to those from a younger AD mouse in vitro and in vivo, respectively (Iram
et al. 2016), strongly establishing the reduced ability of AP uptake in later stages of
AD. It was further observed that the older AD mouse astrocytes had a diminished
expression of SRB1 compared to that of the younger ones leading to the reduced Ap
uptake (Iram et al. 2016). In advanced AD stage, after Ap uptake, the Ap protofibrils
may not be degraded rather they can lead to the formation of large astrocytic
endosomes (Sollvander et al. 2016) resulting in defective astrocytic degradation
pathway (Acosta et al. 2017). Interestingly, the AP-degrading enzymes are also
dysregulated in astrocytes especially in advanced stage of AD. For example, NEP
shows an overall reduced expression in the hippocampal and cortical regions in aged
Tg2576 mice as well as in post mortem tissues from AD brain although its expres-
sion remained upregulated in reactive astrocytes near the A plaques (Carter et al.
2019). Astrocyte dysfunction seems to be a consequence of AD progression, but is it
really a dysfunction or an altered phenotype of astrocyte needs investigation.
Metabolic alteration of astrocytes can upregulate RAGE and attenuate the expression
of LRP1 receptors further enhancing RAGE-mediated AP uptake, subsequent
NF-xB pathway activation upregulating pro-inflammatory cytokine secretion, and
production of C3. C3 reduces AP phagocytosis (Zulfigar et al. 2019).

Altogether, it seems that the initial activation of astrocytes is protective with
increased expression of A receptors in astrocytes around Ap plaques, increased Ap
phagocytosis, upregulated lysosome-mediated Ap degradation, as well as enhanced
expression of Ap-degrading enzymes. Hence, these rapidly reactivated astrocytes in
AD may reflect the protective A2-like phenotype. This stage may also be identified
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with protective ApoE2 isoform expressing astrocytes. With the gradual disease
progression if astrocytes become overactivated, their secretion profile turns neuro-
toxic, leading to dramatic metabolic alteration, increased amyloidogenic processing
of APP, suppressing microglia-mediated AP phagocytosis, and ApoE becoming
neurotoxic expressing majorly ApoE4 isoform (Kim et al. 2018). ApoE4 is
associated with impaired A uptake by astrocytes compared to ApoE3 astrocytes.
Diminished AP uptake in ApoE4 astrocytes has been linked with excessive
endosomal acidification and impaired autophagy. It is also thought to contribute
greatly to the initial seeding of AP plaques (Arranz and De Strooper 2019). Thus,
depending on AD progression and altering reactive astrocyte phenotypes, expression
of different ApoE isoforms may also vary.

According to a recent report which showed a kinetic alteration from initial
beneficial to later detrimental reactive astrocyte phenotype in AD model in vitro, it
may be hypothesized that a younger AD mice may be expressing more of A2-like
reactive astrocytes associated with upregulated AP clearance while the older AD
mice may have a higher population of Al-like astrocytes contributing towards
plaque progression (Saha et al. 2020). The duration of Ap existence can itself decide
the fate of astrocytic phenotype and in turn its role in A clearance or production. A
report has indicated that AP rapidly activates astrocyte and microglia to release
TGFp which further upregulated microglial A uptake, protecting neurons from Afp
toxicity and thus may resemble the A2-like astrocyte (Arranz and De Strooper 2019).
In contrast, chronic presence of AP can lead to enhanced C3 expression through
NF-xB pathway activation, which can bind to microglia reducing its ability to
phagocytose AP (Arranz and De Strooper 2019). Thus, this astrocyte phenotype is
not necessarily a malfunction but may characterize the detrimental Al-like pheno-
type at the later stages of AD leading to the development of A pathology through a
vicious cycle of astrocyte pathogenesis and AP pathology.

25 Reactive Astrocytes in Tau Pathology

Abnormal levels of phosphorylation in tau, a microtubule-associated protein, lead to
the generation of helical filaments along the length of axons in neurons. They are
commonly termed as neurofibrillary tangles (NFT) and are recognized as a major
pathological species in AD besides Af. In AD, following the aberrant levels of
hyperphosphorylation, tau’s affinity to the microtubule is diminished, and hence,
free tau level is enhanced leading to their accumulation and subsequent aggregation.
The consequence of these events results in the formation of glial and neuronal
tangles in dystrophic neuritis. Importantly, tau pathology directly contributes to
disease progression by inducing neurodegeneration and correlates well with degree
of cognitive impairments in AD (Ballatore et al. 2007).

In addition to their well-established association with amyloid pathology, reactive
astrocytes increase in the vicinity of NFTs. Using postmortem human AD brain
samples, it has been shown that astrogliosis occurs near amyloid plaques as well as
around the NFTs and its level is enhanced linearly during the disease progression
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even when amyloid burden is no longer increasing. Intriguingly, astrogliosis and
microgliosis correlate positively with the NFT burden throughout the clinical phase
in AD (Serrano-Pozo et al. 2011). Appearance of tau pathology within astrocytes is
different across various tauopathies including AD. Glial reactivity is more strongly
associated with thorn-shaped astrocytes, detected in AD, Pick’s disease,
supranuclear palsy, and featuring perinuclear deposits of tau, compared to other
types of astrocytes. Moreover, the pathologic tau species modulates glial functions in
a way that is detrimental to the neurons and glia themselves (Kahlson and Colodner
2015).

Glial reactivity and neuroinflammation are often considered as secondary
outcomes of tauopathies. In an AD mouse model featuring pathologic forms of
both AP and tau, blocking IL-1f signaling altered inflammatory reactions in the
brain, ameliorated cognitive functions, significantly reduced tau pathology and
diminished the levels of astrocyte-derived s100f (Kitazawa et al. 2011). Further-
more, a novel risk gene for AD, triggering receptor expressed on myeloid cells
2 (TREM2, uniquely expressed by microglia) is strongly associated with tau pathol-
ogy. In an animal model of tauopathy, microglia regulate astrocyte reactivity in a
TREM2-dependent manner (Leyns et al. 2017). Similarly, ApoE4 affects tau pathol-
ogy as well as dictates the ensuing neurodegeneration in an Af independent manner
in tauopathic mouse (Shi et al. 2017). Therefore, these findings suggest that TREM2
and ApoE4 are the major inducers of neuroinflammation leading to accelerated tau
pathology and neurodegeneration independent of Af pathology. Further
investigations are required to fully understand the role of TREM2 and ApoE4 on
the development of tau pathology.

2.6 Role of Astrocytes in Modulating Synaptic Plasticity in AD

Physiological Role in Synaptic Health

The bidirectional exchange between astrocyte and neuron begins with specific
neurotransmitters being released from the presynaptic cleft which triggers specific
metabotropic or ionotropic receptors on the astrocytic membrane upon binding as
discussed earlier (Garwood et al. 2017). This activation can be further
communicated to the surrounding astrocytes via gap junctions or through the release
of arange of secretory molecules (Porter and McCarthy 1996; Giaume et al. 2010)—
glutamate, GABA, D-serine, ATP, etc.—which can regulate synaptic plasticity by
modulating LTP and LTD (Singh and Abraham 2017). Astrocytes also release
cytokines that may influence synaptic plasticity in a healthy brain albeit at low
level of secretion including TNF-a, IL-6, IL-2, IL-1p, IL-10, IFN-y, and IFN-a
(Habbas et al. 2015; Singh and Abraham 2017).

Reactive Astrocytes in Synaptic Dysfunction in AD

Synaptic dysfunction occurs during the prodromal stage in AD that progressively
leads to memory impairment. LTP, LTD, as well as synaptic scaling all display
aberrations in AD models (Selkoe 2008; Cheng et al. 2009; Rowan et al. 2014).
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Abnormal and sporadic calcium signaling is observed in astrocytes in a transgenic
animal model of AD (Kuchibhotla et al. 2009; Takano et al. 2006) as well as in
astrocyte culture treated with A peptide (Haughey and Mattson 2003). This aber-
rant Ca2+ signaling, which is initiated near the AP plaques, often spreads to longer
distances across the cortex indicating that the abnormal Ca2+ signaling in astrocytes
induces a sprawling effect. This abnormal and hyperactive Ca2+ signaling is coinci-
dent with reactive astrocytes surrounding the plaques while atrophic astrocytes are
present at a distance from the plaques (Rodriguez et al. 2009). Atrophic astrocytes
further exacerbate synaptic dysfunction due to their reduced ability to contact
synapses.

Besides, there is GABA which displays an elevated level in AD patient’s CSF
(Samakashvili et al. 2011), and thus antagonists for GABA receptor improved LTP
and memory in AD mouse models (Yoshiike et al. 2008). This GABA is majorly
contributed by reactive astrocytes with higher monoaminoxidase-B (MAO-B) and
reduced glutamine synthetase (GS) expressions (Acosta et al. 2017). Subsequently,
the tonic GABAergic influence, low under normal conditions, gets abnormally
upregulated in mouse AD models and human AD especially around the AP plaques
(Joetal. 2014; Wu et al. 2014). Reactive astrocyte-associated GABA upon secretion
initiates inhibition of excitatory neurotransmission by dramatically diminishing the
probability of neuronal secretion and thus inhibits LTP initiation. LTP and memory
impairments observed in AD patients were diminished by inhibition of astrocytic
GABA synthesis or release (Acosta et al. 2017), thus underscoring the importance of
studying reactive astrocyte-associated GABA in greater detail in AD pathogenesis.
In contrast, Ap-induced ATP released from astrocytes protected neurons against
Ap-induced LTP dysfunction in culture (Jung et al. 2012). Thus, this may be a part of
defense mechanism undertaken by reactive astrocytes early in AD progression,
protecting learning and memory function. TNF-a on the other hand, in AD, is
released from reactive astrocytes at levels dramatically higher than physiological
levels in presence of AP (Johnstone et al. 1999) and its silencing reduced amyloid-
dependent LTP suppression (Wang et al. 2005) and memory dysfunction (Alkam
et al. 2008). Thus, TNF-a can cause aberrant long-lasting upregulation in synaptic
strength (Habbas et al. 2015). Reactive astrocytes in AD seems to follow the Al-like
astrocytic fate (Liddelow et al. 2017; Shi et al. 2017), at least later in disease
progression, secreting pro-inflammatory cytokines such as IL-6, IL-1f, IFN-y, as
well as TNF-a (Benzing et al. 1999; McGeer and McGeer 2010) that are potent
inhibitors of LTP, at levels higher than the normal (Singh and Abraham 2017).
Astrocytic glutamate and D-serine, co-agonists of NMDAR, also display aberrant
behavior in AD and can be attributed to reactive astrogliosis. NMDAR-dependent
synaptic plasticity regulation is damaged in mouse AD models and human AD
(Battaglia et al. 2007) possibly due to aberrant glutamate accumulation in the
synaptic cleft, abnormal activation of extrasynaptic NMDAR (Li et al. 2011c) and
elevated D-serine levels (Madeira et al. 2015). Thus, a complex alteration of reactive
astrocyte functions in AD displayed through diverse temporal profiles of secreted
molecules, characteristic of astrogliosis, can be correlated to its contribution from
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protecting synapse to inducing LTP deficits and the accompanied memory
impairment.

2.7 Role of Astrocytes in Neurotransmitter Recycling in AD

Astrocytes in Glutamate Regulation in AD

Glutamate-induced neurotoxicity is associated with neuron death and eventually in
disease progression in AD (Lipton 2004). An excess of glutamate in the synapse
leads to neuronal death through a series of toxic events including a large amount of
Ca2+ influx into neurons activating endonucleases, phospholipases, and proteases
further leading to cellular structure damages and is collectively termed as glutamate
excitotoxicity (Manev et al. 1989). Astrocytes uptake 80% of the glutamate from the
synaptic cleft in comparison to 20% by postsynaptic dendritic transporters (Acosta
et al. 2017). As already mentioned, EAAT2, one of the glutamate transporters in
human astrocytes, displays an attenuated expression in human AD brain and in APP
transgenic mice (Woltjer et al. 2010; Schallier et al. 2011) while both EAAT1 and
EAAT?2 showed diminished expressions in cultured astrocytes treated with Ap42
(de Vivo et al. 2010; Matos et al. 2012). Introduction of ceftriaxone to upregulate
EAAT?2 levels in 3xTg-AD model (refer to Table 1 for details) ameliorated their
cognitive deficits (Zumkehr et al. 2015) and is being developed as a drug for treating
glutamate excitotoxicity in diseases involving motor neurons (Ji et al. 2005). More-
over, astrocytic EAAT1 ablation leads to neuronal excitotoxicity and tau pathology
(Kilian et al. 2017).

In rodent models of AD, GLT-1 and GLAST expressions were reduced both at
the protein and mRNA levels (Garcia-Esparcia et al. 2018; Peters et al. 2009). Since,
GLT-1 is responsible for 90% of the astrocytic glutamate uptake in the brain, its
deficit accelerated memory impairment upon crossing a GLT+/— mouse with an
APP/PS1 mouse (Mookherjee et al. 2011). Reports have suggested that AP hinders
the uptake of glutamate in astrocytic cultures (Harkany et al. 2000; Fernandez-Tome
et al. 2004) resulting in glutamate excitotoxicity. The probable reason is the reduced
expression of GLT-1 associated with AP depositions (Masliah et al. 1996; Huang
et al. 2018), for example, a reduction in GLT-1 expression was detected in the
proximity of amyloid plaques in APP/PS1 mouse (Hefendehl et al. 2016) or Ap
induced GLT-1 internalization from the astrocytic membrane (Scimemi et al. 2013).
Moreover, GLT-1 expression was decreased in the frontal cortex of postmortem AD
brain and was correlated with reduced D-[3H]-aspartate binding to the brain tissue, a
measurement for glutamate transporter activity (Li et al. 1997; Anderson et al. 2001).
This reduction in binding of D-[3H]-aspartate in the AD brain frontal cortex was also
linked with decreased expression of synaptophysin, a marker for synaptic health,
thus indicating that impaired transport of glutamate may lead to glutamate
excitotoxicity and related neurodegeneration including synaptic damage (Masliah
et al. 1996). Additionally, splice variants of GLT-1 localized in the glial processes
surrounding the plaques (Pow and Cook 2009) were found to be the inactive variants
and play a dominant-negative role by inhibiting normal glutamate uptake (Scott et al.
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2011). It was found that this splice variant of GLT-1 has a high expression especially
in regions affected in neurodegeneration, associated with a large number of reactive
astrocytes. Thus increase in reactive astrocytes in AD-vulnerable areas of the brain
with decreased capacity for uptake of glutamate may lead to glutamate excitotoxicity
(Acosta et al. 2017).

Similarly, AP also attenuated GLAST expression and GLAST-dependent gluta-
mate uptake in cortical astrocyte culture model of AD (Jacob et al. 2007; Matos et al.
2008). However, few reports have also indicated AP associated upregulation in
astrocytic glutamate uptake via GLAST alongside an increased GLAST expression
(Ikegaya et al. 2002; Abe and Misawa 2003). These contradictory outcomes may be
the result of variations in A preparation methodologies as well as culture conditions
(Acosta et al. 2017). A regional difference in AP associated GLAST expression was
observed as GLAST expression increased in the hippocampus and dentate gyrus of
AD brain while it displayed a decreased expression in the cerebellum (Jacob et al.
2007).

AP can also induce glutamate release from activated astrocytes via alpha-7nAch
receptor (Acosta et al. 2017), activating extrasynaptic NMDA receptors leading to
Ap-dependent synaptic depression and loss of spines (Talantova et al. 2013). A-
B-dependent release of glutamate from reactive astrocytes may also take place via
connexin hemichannel that can induce neuronal death (Orellana et al. 2011). Thus, a
dysregulation in glutamate uptake alongside its release from astrocytes activated by
AP increases the lifetime of glutamate in the synapse culminating in Af-induced
excitotoxicity in AD.

Astrocytes in GABA Regulation in AD

GABA is taken up in astrocytes by dedicated GAT-1 and GAT-3 transporters and
gets catabolized by GABA-transaminase (GABA-T) to succinate and enters the TCA
cycle to produce alpha ketoglutarate, glutamate, and glutamine besides ATP
(Schousboe et al. 2017; Walls et al. 2015). Nontoxic glutamine is then extruded
by specialized transporters into the extracellular space from where it is imported by
glutamatergic and GABAergic neurons to be used as a precursor for the synthesis of
glutamate and GABA, respectively, as a part of glutamine-glutamate-GABA cycle in
healthy individuals (Pow and Crook 1996; Eid et al. 2012).

Due to this energy driven breakdown of GABA in astrocytes, the GABA concen-
tration in the astrocytes remains low in a healthy young brain (Verkhratsky et al.
2019a). However, a dysregulation in GABA metabolism is observed in astrocytes
with aging and in neurodegeneration. The concentration of GABA is significantly
elevated in AD patients and in transgenic mouse model of AD and was traced to the
reactive astrocytes near the Ap plaques (Jo et al. 2014; Wu et al. 2014; Brawek et al.
2018; Acosta et al. 2017). These alterations in GABA concentration in astrocytes is
correlated to a concomitant upregulation in the expression of glutamic acid decar-
boxylase (GAD67), a GABA-producing enzyme, alongside an upregulation in
astroglial MAO-B, an enzyme that synthesizes GABA from putrescine, a type of
polyamine (Jo et al. 2014). This phenomenon is accompanied by a down-regulated
expression of GS in reactive astrocytes near the amyloid plaques in the prefrontal
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cortex and hippocampus of 3xTg-AD mice (Olabarria et al. 2011). Thus, the reactive
astrocytes start synthesizing GABA, either utilizing glutamate, with its increased
availability due to reduced expression of GS and increased expression of GAD67 or
via the MAO-B pathway (Verkhratsky et al. 2019a). Astroglial GABA thus
synthesized is released from astrocytes via Bestrophin-1 Cl-channels or via reversed
GATS3 transporters. GABA, released into the extracellular space, may either be seen
as a mediator in impaired neuronal activity and memory loss in AD mice (Jo et al.
2014), or it can be seen as a defensive mechanism to hinder the neuronal hyperex-
citability, characteristic of AD, with an increased tonic inhibition (Verkhratsky et al.
2019a). Hence, though there is a controversy about the role of GABA being
protective or detrimental, one can conceive the plausible idea that the upregulated
GABA, rather, plays a protective role towards neurons against its over-excitation at
the cost of cognitive deficits (Chun and Lee 2018).

2.8 Role of Astrocytes in Neuron Death and Survival in AD

As discussed above, most of the astrocyte’s normal functions are altered in AD. This
includes metabolic activity (Escartin et al. 2019), gliotransmitter release (Jo et al.
2014), neurotransmitter uptake (Escartin et al. 2007; Sheldon and Robinson 2007),
release of a plethora of cytokines and chemokines (Sofroniew 2014b), and phago-
cytosis (Gomez-Arboledas et al. 2018). Hence, these astrocytes with a range of
functional alterations indicate varying degree of reactivity attributed to multiple
factors including disease stage, eventually translated to their role as beneficial or
detrimental partners for neurons.

Reactive Astrocytes Mediating Neuron Death

Interestingly, most of the genes associated with the risk of developing AD are
expressed in glial cells, mostly in astrocytes, namely, clusterin (ApoJ), sortilin-
related receptor 1, fermitin family member 2, and most importantly ApoE (Arranz
and De Strooper 2019). Postmortem studies on human AD brains using laser capture
microdissection (LCM) have revealed the transcriptomic alterations that specifically
take place in astrocytes when compared to healthy controls. Using GFAP as the
astrocyte marker for LCM, transcriptomic profile of activated astrocytes greatly
contrasted between advanced Braak stage of NFTs (V-VI) representing an advanced
AD phenotype, versus low Braak stages (I-II). Aberrations in genes related to
proliferation, apoptosis, actin cytoskeleton, and ubiquitin-dependent proteolysis
were observed at the low Braak stages that is highly in contradiction with the altered
gene expression profile observed in intracellular signaling pathways like PI3K/AKT,
insulin, and MAPK pathways at advanced stages of AD pathogenesis (Simpson et al.
2011). Another known astrocyte marker, aldehyde dehydrogenase 1 family member
L1 (ALDHILI1), was used in an independent study by LCM that revealed an
elevated expression in genes associated with astrocytic immune reaction and mito-
chondrial activity especially in posterior cingulate gyrus where Ap deposition was
prominent in contrast to healthy controls (Sekar et al. 2015). Concomitantly, Orre
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et al. (2014a) observed that in astrocytes stringently isolated from APP/PS1, AD
mice develop prominent amyloid plaques that are similar to AD plaques found in
humans, expression of genes associated with the neuronal support mechanism and
playing a crucial role in neuronal communication were compromised and that
elicited a pro-inflammatory response promoting neuronal death (Orre et al. 2014a).
Notably, the Al astrocytes through the complement system also play a significant
role in inducing deterioration in neuronal health (Liddelow et al. 2017).

Reactive Astrocytes in Neuron Survival

Accumulating evidences also indicate towards a role of astrocytes in protecting
neurons in AD. As discussed earlier, Wyss-Corey et al. and others established that
astrocytes can phagocytose and eventually degrade AP (Wyss-Coray et al. 2003;
Funato et al. 1998; Thal et al. 2000). Garwood et al. raised a crucial question whether
age can be a pivotal factor in determining the efficiency of this astrocytic ability
(Garwood et al. 2017), in other words, whether age can direct the astrocytic fate in
AD. Postmortem references only capture snapshots of a bigger and more complex
astrocytic dynamicity in AD, and in vitro models are limited depending on the
experimental conditions not indicating temporal heterogeneity in astrocyte type
and/or profile and their subsequent effects on neurons. Hence, it is worth considering
that with aging or slow disease progression in AD, astrocytes may progressively lose
their ability to effectively degrade AP upon its uptake and thus a change in their
phenotype may be observed eventually inducing plaque progression (Garwood et al.
2017).

Sofroniew and colleagues have repeatedly tried to establish that reactive
astrocytes constitute a scar-like barrier that can restrain the damaged tissues from
affecting the surrounding neurons and can stimulate CNS axonal regrowth
(Sofroniew 2009, 2015). An astrocytic scar creates a physical barrier between Af
plaques and the neuropil surrounding them. This may restrict the collateral damage
that diffusible and soluble toxic AP oligomer can confer on the nearby neurons by
detaching them from the plaques (Liddelow et al. 2017; Perez-Nievas and Serrano-
Pozo 2018). Neuroprotective ability of reactive astrocytes could be further attributed
to their increased ability to phagocytose plaque-associated damaged neurites in APP/
PS1 mice as well as in AD patients (Gomez-Arboledas et al. 2018). These beneficial
astrocytes may very well represent the A2-like subtype of reactive astrocytes.
A2-like astrocyte can be identified with a characteristic transcriptome with an
upregulated expression of neurotrophic genes, namely, S100 calcium-binding pro-
tein al0, cardiotrophin-like cytokine factor 1, pentraxin 3, transglutaminase 1, or
sphingosine kinase 1. A2-like astrocytes thus release a series of beneficial factors
that promote neuron survival and growth and secrete thrombospondins associated
with repair of damaged synapses. Liddelow and Barres (Liddelow et al. 2017,
Liddelow and Barres 2017) also indicated that STAT-3 may be an upstream activator
of A2 astrocytes and JAK-STAT3 pathway may be mediating this activation. This
pathway is involved in regulating several cellular functions such as cell proliferation,
cell differentiation, growth, etc. Their proposal can be substantiated by an earlier
report where STAT3-dependent reactive astrocytes diminished axotomized
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Fig.2 Schematic representation of astrocyte reactivation in Alzheimer’s disease: An astrocyte may
be activated by various insults such as AP in Alzheimer’s disease and may give rise to different
reactive astrocyte subtypes including A1l-like and A2-like, in a disease-stage specific or age-related
manner. However such a concept is speculative and will require further research. Neurotoxic
reactive astrocyte Al-like and neuroprotective A2-like have distinct transcriptomic profiles as
indicated. A1 phenotype can be alternatively activated by activated microglia through the secretion
of TNFa, IL-1a, and Clq and secretes a yet-to-be identified neurotoxin that induces neuron and
oligodendroglia death. NF-kB pathway is upregulated in Al leading to the release of complement
protein C3 in the extracellular space which can further bind to C3aR receptors on neurons and
microglia deteriorating synaptic health and ability of microglia to phagocytose AP. Al-like also
releases several pro-inflammatory cytokines as indicated. A2-like conversely shows upregulated
expression and release of several anti-inflammatory cytokines as indicated and thrombospondins
that can promote synaptic repair. JAK/STAT3 pathway is upregulated in A2-like astrocytes
(Liddelow and Barres 2017)

motoneuron degeneration in the facial motor nucleus and promoted synaptic repair
through thrombospondin release (Tyzack et al. 2014). Altogether, the above studies
allude to the presence of A2-like astrocytes at the prodromal stage of AD probably
being activated by JAK-STAT3 pathway and subsequently releasing a plethora of
beneficial cytokines such as TGFp. Figure 2 shows a schematic representation of
astrocyte subtypes in AD.
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29 Astrocytic Biomarkers in AD Patients

A biomarker may be defined as a biological molecule whose quantitative presence
defines the sign of a normal biological process or a pathologic process or a disease.
Sensitive AD-specific biomarkers are available that detect Ap and tau proteins which
are the main pathological features of the disease. By quantifying the CSF levels of
soluble Af and tau or by imaging fibrillar form of AP and tau with positron emission
tomography (PET) and detecting hypometabolism by [18F]flurodeoxyglucoe-PET
or assessing the atrophy of the brain by structural magnetic resonance imaging
(MRI), the cases are generally classified as positive or negative. However, none of
these investigations are specific to astrocytes and are mostly used in the advanced
stages of the disease. Astrocyte reactivity is an early pathological feature of AD; thus
imaging or CSF biomarkers of reactive astrocyte would be critical in early diagnosis
of AD and in monitoring the disease progression.

For AD, fluid biomarkers are usually quantified from the blood (plasma/serum) or
CSF. Detection of biomarkers in blood is generally preferred as it is a low invasive
process with the least side effects and can be easily obtained from the patients. A
number of studies have revealed that there was a positive correlation between S1003
and GFAP in blood with the late-onset sporadic AD patients, which was however
lacking in the early onset AD patients. Furthermore, reduced levels of S100p was
detected in the blood of late-onset AD patients in comparison to controls, although it
was significantly increased with worsening dementia severity within the AD group
(Lam et al. 2013; Mecocci et al. 1995; Chaves et al. 2010). CSF collection from
patients involving lumbar puncture is a more invasive process than collection of
blood. With regard to GFAP and S100f in CSF, GFAP levels were found to be
higher in AD and other dementias, whereas, S100p levels were found to be lower in
AD compared to control (Perez-Nievas and Serrano-Pozo 2018). However, some
proteomic approaches have been shown to be promising for evaluating CSF
biomarkers of astrocyte origin. For example, levels of an astrocyte-secreted
gliotransmitter, D-serine, were elevated in probable AD patients (Madeira et al.
2015). Another well recognized CSF biomarker of astrocyte origin is YKL-40
protein overexpressed in a particular astrocytic subset in AD patients as opposed
to the control patients (Querol-Vilaseca et al. 2017). It has been shown to predict
progression from preclinical stage to AD dementia. Moreover, a positive correlation
has been found between CSF YKL-40 levels and p-tau and t-tau levels at the early
stages of AD (Alcolea et al. 2014, 2015; Craig-Schapiro et al. 2010; Antonell et al.
2014).

Another very important tool to measure biomarkers in vivo is imaging using PET
and MRI techniques. It has been possible to check neuroinflammation by PET scan
of the 18-kDa translocator protein (TSPO) which has been found to be increased
within outer mitochondrial membrane in activated microglia. Interestingly, TSPO is
expressed in reactive astrocytes in AD animals and postmortem brain of AD patients;
however, it is yet to be recognized as an astrocyte biomarker (Cosenza-Nashat et al.
2009; Lavisse et al. 2012). Currently, two PET radiotracers, namely, [11C]-deute-
rium-L-deprenyl ([11C]DED) (Fowler et al. 1995) and [11C]BU99008 (Tyacke
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et al. 2012), have been proposed to check biomarkers of reactive astrocytes. The
radiotracer ([11C]DED, a modified inhibitor of the MAO-B enzyme, was used in
several neurological diseases including AD (Carter et al. 2019). In transgenic mouse
models, A deposition is associated with an upregulation of MAO-B enzyme at early
stages of AD unlike the advanced stages of the disease where it is not elevated as
compared to other biomarkers such as GFAP (Olsen et al. 2018; Rodriguez-Vieitez
et al. 2015). Human data showed that [11C]DED binding to MAO-B is enhanced in
the early stages in AD in comparison to controls (Carter et al. 2012). The PET
radiotracer [11C]BU99008 measures imidazoline 2-binding sites that are present on
mitochondrial membranes within astrocytes and are found to be elevated in post-
mortem AD brains (Parker et al. 2014).

Development of an in vivo astrocyte biomarker for MRI is highly recommended
because of its widespread availability and convenience. Myoinositol which is known
to be widely present in astrocyte and also in astrocyte-to-neuron shuttling process is
determined by calculating the lactate and glutamate levels in rodents. Measuring
myoinositol in vivo with [1H]-magnetic resonance spectroscopy (MRS) would be
useful to assess the overall astrocyte integrity and structure (Harris et al. 2015). In a
study antemortem MRS was compared to postmortem immunohistochemistry, and
elevated myoinositol level was detected (scaled by creatine; myo-inositol/creatinine)
in the cingulate cortex close to the areas of AP deposition in AD (Murray et al. 2014).

It is now well accepted that astrocyte biomarkers which are highly sensitive and
specific to AD and can be assessed easily with neuroimaging or detected in body
fluids will be valuable in complementing the commonly used AD biomarkers.
Developing novel in vivo astrocyte biomarkers will help in quantifying astrocytes
reactivity at early stages of AD and would help to understand the disease pathogen-
esis more precisely.

2.10 Astrocytes as Targets for Therapy in AD

From the foregone, it is established that it is the inability of astrocytes to protect the
neurons against pathological insults caused by AP accumulation or a shift from
physiological homeostatic support of CNS neurons by astrocytes under a stressed
environment is the major reason for AD evolution and subsequent cognitive deficits.
As discussed earlier, astrogliosis is an evidently controversial phenomenon, and the
disparity between the roles played by the reactive astrocytes must be questioned in
order to design an astro-centric therapy in AD. It is thus imperative to ask—when do
the reactive astrocytes lose their initial defensive property during AD progression?
What leads to the exhaustion of its defensive capabilities vividly evident in the early
stages of AD? Most importantly, what is the definitive switch that alters the reactive
astrocytes from being protective to detrimental during the progression from an early
stage to the later stages in AD? Thus, cell-specific therapies that involve boosting the
neuroprotective/defensive capabilities of the reactive astrocytes in AD and/or
inhibiting the astroglial gain-of-toxic functions or loss of protective abilities may
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provide new opportunities for prevention, arrest, or cure of AD (Verkhratsky et al.
2019b).

Astrocyte Subtype-Based Therapy

Utilizing the knowledge that astrocytes have different reactive subtypes, new
methods in astro-centric therapy in AD may be developed. Astrocyte subtype-
based approach in AD therapy is gaining momentum (Arranz and De Strooper
2019). Especially blocking the formation of the various types of detrimental reactive
astrocytes may be an interesting approach in AD and other related disease therapy
(Arranz and De Strooper 2019; Liddelow et al. 2017). Further, promoting the
neuroprotective astrocyte phenotype may be of particular interest since these reactive
astrocytes are involved in an upregulated uptake and clearance of Af (Liddelow
etal. 2017). So utilizing drugs which could influence the A clearance by astrocytes
via ubiquitination or autophagy could have a therapeutic possibility in AD treatment.
Moreover, beneficial astrocytes are known to induce Nrf2 transcription factor, a
trophic factor which helps in activating antioxidant systems crucial for proper brain
functioning, and could be targeted in AD therapy. Of note, as already discussed,
following Ap uptake if the reactive astrocytes are unable to degrade it, they may start
producing upregulated levels of reactive oxygen species (ROS), inhibitory
gliotransmitters, as well as other toxic products including an overproduction of Af
itself, thus transforming to its detrimental phenotype. Hence, drugs regulating ROS
production or triggering the antioxidant pathways in astrocytes could also be utilized
for AD treatment. Moreover, regulating MAO-B activity, which controls the astro-
cytic GABA levels, could also ameliorate the memory deficits in AD (Chun and Lee
2018).

Following the Al-like astrocyte inhibition approach, a recent report suggests that
microglial activation, which subsequently leads to the transformation to toxic
Al-like astrocytes, can be prevented by applying the long-acting glucagon-like
peptide-1 receptor (GLP1R) agonist known as the NLYO1 (Yun et al. 2018). Thus,
GLPIR agonists have evolved as potential neuroprotective molecules in AD and
other types of neurodegenerative diseases’ treatment. Moreover, inhibiting C3 or
blocking C3aR, its receptor, has also been considered as a therapeutic approach
(Lian et al. 2016) for inhibiting Al-like astrocytes. Even though most of the
experiments have only been done in cell culture models, recent studies have
shown that the deletion of C3aR genetically or using antagonist against C3aR has
restored cognitive functioning in transgenic APPswe mice (Lian and Zheng 2016). It
has been noted that the reactive astroglia especially those near the sites of Ap plaques
show an abundance of purinergic receptor P2Y1. One of the studies show that
(Reichenbach et al. 2018) antagonists of these P2Y1 may inhibit the astrocyte
hyperactivity in an AD mouse model. The major benefits for this treatment include
the restoration of neuronal-astroglial network functioning and normalization of
synaptic integrity and reduction in neuritic dystrophy which finally improves the
cognitive decline in the rodents. Thus, targeting subtype-specific astrocytic
mechanisms may be a significant approach in AD therapy. All the potential
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astrocyte-subtype-specific therapies in AD are discussed by us in a recently
published review (Sarkar and Biswas 2021).

Neuroinflammatory Cytokines as Therapeutic Targets

The other approach may be to target the specific neuroinflammatory cytokines
secreted by the reactive microglia—IL-1a, TNFa, and Clq—that eventually lead
to development of Al-like phenotype (Arranz and De Strooper 2019). TNFa
inhibition may be thus a possible mode of AD therapy as its antagonism can prevent
astroglial conversion to the Al-like phenotype. A reduction in the relative risk of AD
development was found with the use of etanercept, a TNFa inhibitor, in rheumatoid
arthritis patients, as compared to healthy untreated controls (Chou et al. 2016; Ekert
et al. 2018). However, an inconclusive phase 2 trial in AD patients (Decourt et al.
2017) and extraordinary yet isolated case studies were not enough to validate
Etanercept as an AD drug (Ekert et al. 2018). Similarly, a recombinant antagonist
against IL-1a (anakinra) and an anti-C1q antibody are in line for clinical trials in AD
treatment (Liddelow and Barres 2017; Lansita et al. 2017). Activated astrocytes are
the major secretory cells which induce the production of various pro-inflammatory
cytokines like IL-1f, IL-6, and IFN-y which influence the surrounding neurons
towards degeneration by upregulating the caspase-3 activity and cleavage of
hyperphosphorylated tau protein. Recently a drug named minocycline which targets
the increased production of cytokines was tried and a significant reduction in
neuronal degeneration was observed even in presence of AP (Garwood et al.
2010). So it may well be said that cytokine releasing property of astrocytes can be
targeted to treat AD patients.

Given the role of astrocytes in neuroinflammation in AD, exceptional reduction in
glial activation and thus in AD progression has been seen in animal models by
application of nonsteroidal anti-inflammatory drugs (NSAIDs) (Sastre and Gentle-
man 2010; Gasparini et al. 2004). Reports also suggest that agonists of PPAR-y, the
target receptor of NSAIDs that helps attenuate glial cell activation and the associated
release of pro-inflammatory cytokines, namely, pioglitazone or GFT1803 displays
positive effects in restricting the neuronal degeneration in AD, through reduction in
AP plaque deposition and astrocytic reactivation (Heneka et al. 2005; de Jong et al.
2008). However, beyond the preclinical success, clinical trials with these drugs for
AD treatment mostly proved to be a failure, again highlighting that the treatment
with these anti-inflammatory drugs should be AD stage-dependent. Additionally,
in vitro studies revealed the negative impact of glucocorticoids, with known anti-
inflammatory properties, on cortical astrocyte proliferation (Crossin et al. 1997). The
glucocorticoids also attenuated the release of pro-inflammatory cytokines that we
know now are mostly released by the reactive Al-like astrocytes, in mice upon
treatment with AP or LPS. However, glucocorticoids again failed to show any
definite success in clinical trials (Fakhoury 2018). Sinomenine, a compound isolated
from a Chinese medicinal plant, Sinomenium acutum, was shown to block the
generation of nitric oxide (NO), ROS, and pro-inflammatory molecules from reac-
tive astrocytes (probably, Al-like astrocytes) and protected hippocampal neurons
against astrocyte-mediated toxicity (Singh et al. 2020). However, further validations
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of this compound in clinical trials are warranted. Contrastingly, Heneka et al.
(Heneka et al. 2013) observed that upon inhibition of NLRP3 inflammasome in
APP/PS1 mice, the microglial M2 phenotype was bolstered giving evidence in
support of similar A2-like astrocyte targeted therapy for AD. Interestingly, the
transplantation of lineage negative stem cells in an intrahippocampally Ap-infused
mouse resulted in recovery of impaired memory with reduction of Ap accumulation.
It is probably mediated by the A2-like astrocytes with the influence of neurotrophic
factors such as glial derived neurotrophic factor (GDNF), ciliary derived
neurotrophic factor (CNTF), and brain-derived neurotrophic factor (BDNF) (Bali
et al. 2019).

Targeting Metabolic Dysfunctions for Therapy

Glutamate excitotoxicity results from a reduced glutamate clearance by astrocytes
from the synaptic cleft in AD. This problem was attributed to the reduced or
mislocated GLT1 expression on the reactive astrocytes. Thus, drugs that can induce
an enhanced expression of astrocytic glutamate transporters may be a potential mode
of AD treatment targeting excitotoxicity (Assefa et al. 2018). p-Lactam antibiotics
including penicillin and its other derivatives particularly stimulate GLT1 expression
(Rothstein et al. 2005). Ceftriaxone-mediated elevated expression of astrocytic
GLT1 was found to ameliorate learning and memory in rat model of AD. Other
compounds like estrogen, ampicillin, insulin, and riluzole were also observed to
induce GLT1 expression. GLT1 expression inducers may also influence AD pro-
gression alone or along with already marketed NMDA antagonists, but this strategy
needs to be investigated further. Ceftriaxone is slated for clinical trial in treatment of
AD (Assefa et al. 2018). It has been previously discussed that reactive astrocytes can
induce excessive tonic inhibition by enhanced GABA production and thus drugs
reducing this induction may present yet another way in restricting AD progression.
Thus it is important to develop drugs that can either block GABA receptor or block
the synthesis and release of GABA from the reactive astrocytes (Assefa et al. 2018).
L-655708, a GABA receptor inverse agonist, was able to improve the cognitive
deficits in mice models of AD (Wu et al. 2014). Another pathway that may be
targeted is the calcineurin/NFAT pathway since its inhibition in reactive astrocytes
has shown attenuation in astrogliosis and subsequent amelioration of cognitive
functions. Furman et al. (2012) showed that AAV vectors targeting hippocampal
astrocytes in an AD mice model and inducing expression of VIVIT, a peptide
interfering with Calcineurin/NFAT signaling pathway, further caused a reduction
in astrocytic activation. Following a several-month-long treatment with VIVIT, the
transgenic AD mice started displaying diminished Ap load, reduced glial activation
and significant restoration of cognitive functions (Furman et al. 2012).

Aquaporin as a Therapeutic Target

A well-known player in astrocytes relevant to neurological disorders is AQ4, which
helps in various astrocytic functions, including glutamate homeostasis, astrocyte-
mediated glial scarring, cellular communication, potassium uptake, synapse forma-
tion, etc. (Lan et al. 2016; Papadopoulos and Verkman 2013), is also known to
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contribute to the clearance of AP by regulating the passage of various interstitial
fluids which help in Ap clearance (Iliff et al. 2012; Asgari et al. 2015). However, few
reports indicate a possible detrimental role of AQ4 in accentuating the
proinflammatory phenotype of astrocytes in AD (Li et al. 2011b; Huang et al.
2011). Even though no drug has been designed mimicking the beneficial aspect of
the protein, yet, there is an immense scope in exploring AQ4 for the development of
novel therapeutic strategies.

Hence, there are various strategies for restoring astrocytic functions following an
astro-centric therapy in AD. However, identifying the specific stage during AD
progression that would be ideal for targeting astrocytes for AD treatment is crucial.

3 Conclusions

AD research has had a primarily neuron-centric approach. In the beginning of this
century, astrocytes have emerged as a crucial candidate in AD pathophysiology.
Astrocytes, the most abundant cell type in CNS not only execute the normal
homeostatic functioning in brain with aplomb but may also turn as a savior in the
face of toxic insults such as AP accumulation. However, majority of the reports also
emphasize the propelling role of astrocytes in AD progression. The recent discovery
of heterogeneity of reactive states of astrocytes upholds the need for better and
nuanced understanding of reactive astrogliosis with all its complexities in AD
evolution. Indeed, conventionally generalized astrocytic response such as
“astrogliosis” or “astrocytic reactivity” is being increasingly recognized as a rather
complex and multifaceted phenomenon in various neurological diseases including
AD comprising both neurotrophic and neurotoxic responses. Several aspects of
reactive astrocytes in AD progression remain controversial till date and attract urgent
attention towards critical delineation of each of the reactive states and better under-
standing of their altering phenotype and secretion profiles in response to pathological
insults like AP. This chapter aims to disentangle this complex response from various
aspects of AD including neuroinflammation, metabolic dysregulation, synaptic
plasticity, neurotransmitter recycling, and tau pathology.

Astrocytes seem to play a key role in recently proposed cellular phase of
“amyloid cascade hypothesis” of AD. The reactive astrocytes may either induce
AP uptake or its clearance depending on the disease state. Evidence of
neuroinflammation and metabolic dysregulation as a trigger for AD prior to A
deposition have been discussed. We also discussed the major signaling pathways of
reactivated astrocytes playing critical role in the events that follow including Ap
generation/clearance, tau pathology, neurotransmitter recycling, synaptic health, and
neuronal death/survival and cognitive functions. Intriguingly, through this chapter, it
was concurrently established from all the abovementioned perspectives that reactive
astrocytes present a defensive front during the initial stage of AD but turn detrimen-
tal at the later stages in disease progression. Hence, concentrated efforts must be
made to discover the switch that modulates this transition, as well as to specifically
determine the time point in AD progression when this transformation of astrocyte
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responses occurs. Finally, the recent efforts in developing astrocyte-based
biomarkers for AD and therapeutic strategies have been discussed. Reactive
astrocyte-subtype-based therapies clearly emerge at the forefront of the cell-specific
therapies aimed at instigating the defensive capabilities of the protective astrocyte
subtype while paralyzing the detrimental subtypes. In fact, the association of the
neuroprotective subtype with the early stage of AD presents an opportunity to arrest
or even prevent the disease in its bud. Thus, this chapter emphasizes the significance
of reactive astrocytes in AD progression, its diagnosis or even in its treatment. Last
but not the least, astrocyte-subtype-specific transcriptomics or proteomics can
divulge a huge array of therapeutic targets for AD in the near future.
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Abstract

Astrocytes are the major glial constituents of the central nervous system and are
critical for brain function. Despite this, it is relatively recently that researchers
have started considering these niche cells for possible involvement in neurode-
generative diseases such as Parkinson’s disease (PD). PD is characterized by loss
of dopaminergic neurons in the substantia nigra pars compacta (SNpc). While
neuronal Lewy Body inclusions in dopaminergic neurons comprising mainly of
a-synuclein serves as a pathological hallmark of PD, recent studies have shown
a-synuclein immunoreactive inclusions even in astrocytes of PD patient brains.
Several studies have also reported that genes known to have a causative role in the
development of PD are expressed in astrocytes and have important roles in
astrocyte function. Astrocytes are multifunctional cells contributing to the sur-
vival and maintenance of neuronal health, ion buffering, neurotransmitter
recycling, and regulation of the blood-brain barrier. Consequences of the loss
of normal homeostatic functions and an increase in toxic functions in astrocytes
are thus probably involved in the onset and progression of PD. Further, the
complex role of astrocytes is influenced by region-specificity and the number of
astrocytes for the survival of dopaminergic neurons. Indeed, studies have
demonstrated regional variability in gene expression of astrocytes of the cortex,
cerebellum, brainstem, and hypothalamus. These emerging roles of astrocytes in
the pathogenesis of PD constitute an exciting development with promising novel
therapeutic targets to modify the hostile microenvironment of substantia nigra
during PD. Understanding these niche cells is also of prime importance for
designing approaches for prophylactic and regenerative strategies through
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derivation of exogenous niche cells from patient-specific iPSCs or mesenchymal
stromal cells. Here, we review the potential protective and deleterious effects of
astrocytes in the substantia nigra of PD and explore how recent developments can
in turn impact our understanding of the pathophysiology of PD and its treatment.

Keywords

Parkinson’s disease - Astrocytes - a-Synuclein - Heterogeneity - Dopaminergic
neurons

1 Introduction

PD (Griffiths et al. 1999) is a progressive neurodegenerative disorder that is marked
primarily by the specific loss of DA neurons in the SNpc (Desai Bradaric et al. 2012)
region of the brain. Pathologically, it is recognized by the presence of intracellular
protein aggregates known as LBs constituted of a-synuclein (Auluck et al. 2010).
The main clinical symptoms are bradykinesia, rigidity, and tremors, and these motor
symptoms emerge when striatal dopamine levels come down to a level of 70-80%,
due to the death of the nigral DA neurons. The etiology and pathogenesis of PD are
highly complex involving both environmental and genetic factors. Studies on
genetic mutations associated with early-onset and sporadic PD have revealed the
involvement of a few genes. The autosomal dominant genes for encoding
a-synuclein (Kim et al. 2016), LRRK?2 (Angeles et al. 2011; Zimprich et al. 2004),
and autosomal recessive genes PARK?2 (Auluck et al. 2010); PARK7 (Bonifati et al.
2003); PINK1 (previously PARK6); and ATP13A2 (previously PARK9) have
provided significant apprehension about DA neuronal death, which include
neuroinflammation, oxidative stress, mitochondrial dysfunction, and insufficient
autophagic or proteasomal protein degradation (Booth et al. 2017). Among environ-
mental factors, exposure to heavy metals, pesticides, and herbicides are shown to be
associated with PD. Over the last 40 years, dopamine replacement therapy is the
prevalent mode of treatment, and it is well-known that its long-term usage leads to
serious cognitive and metabolic side effects.

A distinctive pathophysiological feature of the disease is the abnormal accumu-
lation of the misfolded protein a-synuclein—the predominant protein found in LBs
(Gibb and Lees 1988). Despite not knowing the exact physiological role of
a-synuclein yet, it is considered to play role in the formation and maintenance of
regulation of lipid metabolism, synaptic vesicle pools, and calcium signaling in DA
neurons (Auluck et al. 2010; Totterdell and Meredith 2005). In normal conditions,
a-synuclein exists in monomeric form and is recognized and cleared through the
ubiquitin-proteasome system (Bernhard et al. 2016) and CMA (Giaume et al. 2010)
pathways (Mazzulli et al. 2016). Misfolding or mutations of a-synuclein (A30P/
AS53T) in a diseased condition changes its monomeric form into aggregated state
forming LBs in the DA neurons (Janda et al. 2012). This aberrant level of
a-synuclein is seen in familial as well as idiopathic PD subjects (Liu et al. 2018).
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Earlier, a-synuclein was believed to exert its pathogenic effects through its intracel-
lular (Parnetti et al. 2016; Tokuda et al. 2010; Wang et al. 2018) localization, but
recent studies (Lee et al. 2006) have detected it in human plasma and CSF
(Mashayekhi et al. 2010) as well. The transfer of this exocytosed a-synuclein to
other neurons is common, and their adverse effects on the neurons have been
extensively studied (Desplats et al. 2009; Freeman et al. 2013; Sung et al. 2005).

However, a-synuclein aggregation is not limited to DA neuronal cell bodies but
also appears commonly in astrocytes at advanced stages of the disease (Braak et al.
2007; Croisier et al. 2006; Terada et al. 2003; Tu et al. 1998; Wakabayashi et al.
2000). Astrocytes, the most abundant glia of the mammalian brain, exceed neurons
in number by several-fold in the human brain (Sofroniew and Vinters 2010). These
cells are in close proximity with other neuronal and non-neuronal components of the
brain, thereby placing itself in a strategic position to modulate multiple functions in
the neural tissue. The earlier typecast of astrocytes as a kind of glue that is
responsible for mere physical/mechanical support to hold the neurons in place is
being increasingly revised with the acknowledgement that these cells actively play
critical and vital roles in facilitating the physiologic and pathologic states of neurons
(Barres 2008; Farina et al. 2007). Historically, astrocytes were not being considered
for their possible involvement in neurodegenerative diseases such as PD. Of late,
however, several studies have reported that genes known to have a causative role in
PD are expressed in astrocytes and have significant roles in their function (Booth
et al. 2017), suggesting that dysfunction of astrocytes may be related to PD devel-
opment. We will address these issues in this chapter.

Astrocytes constitute the microenvironment of neurons and can make it either
neuroprotective or neurodegenerative, largely depending on the molecules that they
release and pick-up from the extracellular space. For instance, secretion of NFs such
as NT-3, nerve growth factor (Pei et al. 2019) and basic fibroblast growth factor
(Datta et al. 2011), astrocytes also supply neurons with metabolic substrates such as
lactate and the antioxidant GSH (Gegg et al. 2003) that play an important role in the
survival and appropriate functioning of neurons. Additionally, astrocytes confer
neuroprotection by drawing off surplus extracellular excitotoxic agents, such as
glutamate, potassium, and calcium. On the other hand, when astrocytes endure a
state of gliosis in response to neuronal damage or toxic insults, they (Desai Bradaric
et al. 2012) release cytokines and chemokines that are deleterious to neurons. Here,
we will not only discuss how astrocytes play a role as the DA neuron niche but also
summarize recent studies on the dual role of astrocytes in neuronal survival and
function in the context of PD. The chapter will also discuss the scientific findings
regarding the heterogeneity of astrocytes concerning number and region specificity,
as well as their multiple physiological functions.
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2 Astrocytes: Role as Forming the Niche for DA Neurons

DA neurons are known to be more vulnerable than other neuronal cells to oxidative
stress due to the intrinsic properties of the neurotransmitter dopamine and the
presence of iron. In DA cells, deamination of dopamine by MAO (Tokuda et al.
2010) results in significant yields of H,O, (Solano et al. 2008b) that can interact
further with the reduced forms of transition metal ions such as iron and decompose to
form highly reactive hydroxyl radicals (Carvey et al. 2005). Autopsy studies have
reported elevated levels of iron in the SNpc region of PD patients brain compared to
healthy individuals (Dexter et al. 1989; Gerlach et al. 1994; Griffiths et al. 1999).
Unlike healthy persons, the increase in ROS does not automatically enhance the
production of antioxidants in PD patients. This could be because PD is an
age-associated disorder and the activity of cellular detoxification enzymes, such as
SOD (Hawkins and Butt 2013) and GPx (Liddell et al. 2006), naturally declines with
age (Venkateshappa et al. 2012).

Under physiological conditions, the microenvironment of the DA neurons is
tightly maintained so that the terminally differentiated DA neurons not only survive
but are also capable of functioning efficiently (Fig. 1). This balance is maintained
largely by the niche cells, the astrocytes. As shown in Fig. 1, astrocytes make contact
with both capillaries and neurons in the CNS (Argaw et al. 2012). For proper
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Fig. 1 Multiple functions of astrocytes as niche cells for optimal maintenance, survival, and
function of DA neurons. (Figure was prepared using BioRender (https://biorender.com/))
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survival of DA neurons, astrocytes provide nutrients such as NFs and antioxidant
substrate GSH (Joe et al. 2018; Raps et al. 1989; Tsacopoulos and Magistretti 1996).

GSH is produced intracellularly by y-glutamylcysteine synthetase and glutathi-
one synthetase. The GSH concentration in astrocytes (~3.8 mmol/L) is assessed to be
greater than that of neurons (~2.5 mmol/L) (Bolanos et al. 1995; Rappold and Tieu
2010; Rice and Russo-Menna 1997) because of the better specific activity of the
y-glutamylcysteine synthetase in astrocytes (Gegg et al. 2003). Because of their
proximity, astrocytes can share their GSH with the adjacent neurons by releasing this
antioxidant substrate through the MRP1 transporter into the extracellular space
(Hirrlinger et al. 2002b). Further, GSH is cleaved by y-glutamyl-transpeptidase on
the astrocytic plasma membrane to produce precursors for neuronal GSH synthesis.
This GSH release seems to be a unique activity of astrocytes and not demonstrated
by neurons, microglia, and oligodendrocytes (Hirrlinger et al. 2002b), probably due
to decreased levels of MRP1 in these cell types (Hirrlinger et al. 2002a). Consistent
with the neuroprotective role of GSH, decreases in GSH levels have been reported in
in vivo models and even in patients suffering from PD (Zeevalk et al. 2008). The
GSH content in the SN of PD patients is significantly reduced (~40%) (Sian et al.
1994), and at the cellular level, significant loss of GSH is reported in surviving nigral
DA neurons (Pearce et al. 1997). In genetic models of PD, astrocytes aged in cultures
from parkin-KO (Solano et al. 2008b) mice show lower levels of GSH than those
from WT (Argaw et al. 2012) animals (Solano et al. 2008b). However clinical trial of
parenteral GSH administration in PD patients failed to show any benefits (Hauser
et al. 2009) which could be due to the low permeability of GSH across the BBB
(Argaw et al. 2012; Cornford et al. 1978; Kannan et al. 1990; McLellan et al. 1995).

Astrocytes secrete a variety of NFs such as bFGF (Grothe and Timmer 2007),
GDNF (Saavedra et al. 2006) and MANF (Petrova et al. 2004). Among these trophic
factors, GDNF has been most widely researched and has been found to confer
maximum protection of DA neurons in pre-clinical models of PD (Deierborg et al.
2008). However, the clinical trials data was not encouraging due to side effects and
conflicting results (Lang et al. 2006b). Here too, the permeability of these factors
across BBB is a major limitation.

Astrocytes also maintain homeostasis of the brain microenvironment through
uptake of extracellular glutamate via the EAAT-1/2 and potassium ions through
the inward-rectifier potassium channel, Kir4.1, in addition to immunomodulation.
They also maintain the extracellular water content through AQP4 and are the
primary cells responsible for glucose metabolism regulation in the brain. Due to
their anatomical location of lining the BBB, they regulate the formation of the BBB,
modulate the tone of blood vessels (Lee et al. 2003; Li et al. 2008; Mulligan and
MacVicar 2004), and are the main cells in CNS that take up glucose from the blood
and use glycolysis to supply energy to neurons in the form of lactate (Tsacopoulos
and Magistretti 1996). Astrocytes also store glucose as glycogen (Brown 2004;
Vilchez et al. 2007). In addition, they convert glutamate to glutamine by the action
of glutamine synthetase and provide neurons with glutamine (Norenberg and
Martinez-Hernandez 1979; Ramaharobandro et al. 1982), which the neurons then
convert into glutamate for neurotransmission. Astrocytes are also reported to have
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cross talk with neurons through the release of gliotransmitters including GABA and
glutamate (Lee et al. 2010a; Newman 2003). Further astrocytes are known for the
ability of the glymphatic system (the equivalent of the lymphatic system elsewhere
in the blood) to eliminate waste in the brain (Iliff and Nedergaard 2013) and regulate
the formation and/or phagocytosis of synapses (Chung et al. 2013; Ronnevi 1978).
Thus, through myriad and multifunctional ways, astrocytes play the overall role of
niche cells that regulate the microenvironment of the neurons.

There are distinct functions of astrocytes that are specific to the midbrain, in
comparison to other CNS regions (Boisvert et al. 2018; Chever et al. 2014;
Gosejacob et al. 2011). For example, the requirement of increased potassium
buffering capacity, greater metabolic support, and sensitivity to dopamine signaling
for the tonic firing of DA neurons, as a way of gauging DA neuron health and
function. Therefore, the role of niche cells or astrocytes become extremely important
in PD.

3 Astrocytes and Their Heterogeneity and Region Specificity

Ontogenic development of glial cells has highlighted two crucial aspects of
astrocytes that perhaps play a vital role in neurodegenerative diseases—their hetero-
geneity for different regions of the brain and (Gibb and Lees 1988) their number
(Chever et al. 2014; D’ Ambrosio et al. 1998; Djukic et al. 2007; Giaume et al. 2010;
Gosejacob et al. 2011; Itoh et al. 2018; Lin et al. 1998). While astrocytes have a lot in
common across different regions of the brain, it is increasingly evident that they
exhibit functional and molecular heterogeneity (Chaboub and Deneen 2012) in a
region-dependent manner (Bayraktar et al. 2015; Datta et al. 2018; Zhang and Barres
2010). Structural heterogeneity is observed among astrocytes from different regions.

Recent studies provide convincing evidence of regional astrocyte heterogeneity,
which likely stems from adaptation to the requirement of the local neuronal popula-
tion and from developmentally programmed differences (Datta et al. 2018; Farhy-
Tselnicker et al. 2017; Fiacco and McCarthy 2018). Functional differences were
reported among astrocytes isolated from postnatal day 1-3 rat forebrain, midbrain,
and hindbrain in rendering neuroprotection to DA neuronal cells under 6-OHDA
(Datta et al. 2018) stress, and this was mediated through differential BDNF release
(Datta et al. 2018). Xin et al. (2019) too reported that ventral midbrain astrocytes are
physiologically distinct from astrocytes in the cortex and hippocampus. Ventral
midbrain astrocytes showed very low membrane resistance and inward-rectifying
potassium channel-mediated current and were extensively coupled to surrounding
oligodendrocytes through gap junctions. They exhibited calcium responses to gluta-
mate but were relatively insensitive to norepinephrine, and responded to DRD2
signaling. Transcriptional differences between two closely related areas in the
midbrain—SN and VTA—were reported (Kostuk et al. 2018), demonstrating further
subregional heterogeneity. GDF15, a member of the TGFf superfamily, was found
to be expressed 230-fold higher in VTA astrocytes than SN, probably leading to
higher neuroprotection.
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In respect to PD, the midbrain region is crucial and cues from this region to
astrocytes may be of prime importance in describing the disease pathology. Studies
have evidenced the presence of reactive astrocytes containing a-synuclein in the
striatum and dorsal thalamus (Braak et al. 2007), suggesting that astrocytes specific
to these regions may play a key role in PD development. Factors, such as bFGF,
GDNF, BDNEF, etc., released by astrocytes from different regions of the brain can
selectively mediate differential neuron responsiveness and functionality. In this
context, increased BDNF is required for the neuroprotection of midbrain neurons,
as shown in conditions mimicking PD (Datta et al. 2018). Furthermore, it is known
that there can be many age-related changes in the gene expression profile of
astrocytes in the SN region, again indicating a connection with PD with its selective
neurodegeneration in the SN. Controlling the reactivity of astrocytes can reduce the
neurodegeneration of DA neurons in these regions.

Glutamate is one of the important gliotransmitters, secreted by the astrocytes in
response to certain stimuli. This activity of an astrocyte is also heterogeneous, as
evidenced by several studies (Martin et al. 2015). In the striatum, astrocytes can
efficiently differentiate between DA neurons expressing DRD1 and DRD2. When
these astrocytes are stimulated by either of these sets of neurons by the release of
endocannabinoids, a calcium spike is observed in the respective population of
astrocytes leading to glutamate release that can activate the neurons expressing
DRDI1 or DRD2 as needed (Martin et al. 2015). With glutamate release, the effects
of glutamate excitotoxicity caused by dystrophic niche astrocytes surrounding DA
neurons in the pathophysiology of PD must also be considered.

Astrocyte number is the other key parameter that has an impact on neuronal
health. Even though they reside in the same general mesencephalon region, post-
mortem analysis of PD patient brains shows that DA neurons in the VTA do not
degenerate unlike those in the SN (Brichta and Greengard 2014; Fu et al. 2016). The
main difference between these two regions of the midbrain both of which have DA
neurons is the number of astrocytes. Rappold and Tieu (2010) have shown that the
survival of DA neurons is dependent on the presence of astrocytes. The influence of
the number of astrocytes on the survival of DA neurons under oxidative stress is
reported by Datta et al. (2018) in an in vitro model. In this study, purified astrocytes
were acquired from forebrain, midbrain, and hindbrain regions and were
characterized through flow cytometry and IF. The authors then showed that cell
survival was augmented with an increase in astrocyte seeding number. While total
cell survival was comparable among the different region-specific astrocytes for all
numbers, striking differences were observed in DA neuronal (TH positive) cell
survival in the presence of midbrain astrocytes in comparison to forebrain and
hindbrain astrocytes, thereby emphasizing regional heterogeneity among astrocytes.
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Table 1 Genes associated with PD

Loci
Gene chromosomes | Proteins Forms of PD and age Onset references
PARK-7 1p36 DJ-1 Early-onset autosomal Bonifati et al. (2003),
recessive PD Choi et al. (2018),
Junn et al. (2005),
Mullett and Hinkle
(2009)
SNCA 4q22.1 o-Synuclein | Early-onset of familial Solano et al. (2000)
PD
Mutations or
duplication of the gene
LRRK2 12q12 LRRK2 Autosomal dominant
parkinsonism presents a
phenotype similar to
idiopathic PD
PARKIN 78C2-78C2 Parkin Autosomal recessive
form of PD
Genetic recessive PD
PLA2G6 22ql3.1 iPLA2pB Autosomal recessive Kinghorna and
early-onset PD Castillo-Quana
Neurodegeneration with | (2016), Lin et al.
brain iron accumulation (2018), Ramanadham
et al. (2015)
ATP13A2 | 1p36.13 ATP13A Autosomal recessive Park et al. (2014,
early-onset PD 2015)
Decrease in
mitochondrial
membrane potential,
increase in ROS
production,
mitochondrial
fragmentation and ATP
depletion
GBA 1921-22 GCase Autosomal-recessive, Velayati et al. (2010)
late-onset
The genetic risk factor
associated with
Parkinsonism
PINK1 1p36.12 PINK1 Early-onset PD Kawajiri et al. (2011)

Loss-of-function
mutations,
mitochondrial
dysfunction, and
decreased proliferation
of astrocytes
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4 PD-Related Genes Associated with Astrocytes (PARK-7,
SNCA, LRRK2, PARK-2, PLA2G6, ATP13A2, GBA, PINK1)

Table 1 lists the genes associated with PD, and Fig. 2 represents the PD-related genes

associated with astrocytes.

1. PARK-7 is an early-onset autosomal recessive PD associated gene that codes for
the DJ-1 protein and is known to mediate neuroprotection by regulating apopto-
sis, oxidative stress, and astrogliosis in PD. Mutations in DJ-1 have been
associated with PD (Bonifati et al. 2003; Choi et al. 2018; Junn et al. 2005;
Mullett and Hinkle 2009). Postmortem analysis of human PD patients has shown
higher expression of DJ-1 in astrocytes in comparison to neurons (Bandopadhyay
et al. 2004). Animal studies have also shown a similar elevated astrocytic
expression of DJ-1 in the hippocampal and cortical cultures of mouse brain
(Ramsey et al. 2010). The upregulation of DJ-1 in reactive astrocytes identifies
its role as a regulator of proinflammatory responses. In a study on DJ-1 KO
astrocytes, LPS treatment generated >10 times more NO than littermate controls
(Waak et al. 2009). This LPS-led NO production was mediated by the ROS
signaling pathway, which coincided with the induction of proinflammatory
mediator’s COX-2 and IL-6 in DJ-1 KO astrocytes (Kim et al. 2016). However,
on DJ-1 lentiviral transduction in astrocytes, the LPS-induced production of NO
was significantly reduced, suggesting that the PD pathogenesis by deregulation of
astrocytic neuroinflammatory damage was contributed by loss of DJ-1 (Waak
et al. 2009).

In astrocytes, DJ-1 is shown to interact with lipid rafts, influencing membrane
receptor trafficking, endocytosis, and signal transduction. Inactivation of DJ-1
impaired lipid rafts-dependent signaling pathways leads to dysfunction of
astrocytes, which may contribute to DA neuron degeneration in the SNpc (Kim
et al. 2013). It was also seen that LPS treatment of primary astrocytes resulted in
the localization of DJ-1 into lipid rafts. DJ-1 KO mice presented augmented
LPS-TLR-4 signaling in primary astrocytes, further confirming the role of DJ-1 in
lipid rafts-dependent endocytosis, which may cause the neurodegeneration seen
in PD. DJ-1-deficient primary astrocytes induced alteration in lipid rafts-
dependent endocytosis through the impairment of expression of main protein
components of lipid rafts, flotillin-1, and caveolin-1 (Kim et al. 2016).

Furthermore, DJ-1 deficiency also affected astrocytic glutamate uptake by
altering the expression of glutamate transporter EAAT2 (Su et al. 2003).
Overexpression of DJ-1 in astrocytes showed increased neuroprotection against
the neurotoxin rotenone in neuron-astrocyte contact and noncontact co-cultures.
Further, rotenone treatment of DJ-1 KO astrocytes impaired their protective role
when compared to WT astrocytes (Mullett and Hinkle 2009). The DJ-1 KO
attenuates the ability of astrocytes to support neuronal cells which were further
confirmed in an in vivo model of 6-OHDA-induced PD. Astrocytes isolated from
DJ-1 KO mice failed to protect human neuroblastoma cells against 6-OHDA
treatment as compared to WT astrocytes (Lev et al. 2013). These studies confirm
that loss of DJ-1 in astrocytes impaired its neuroprotection in PD. In addition,
DJ-1 has been found to maintain mitochondria within astrocytes. Knockdown of



Role of Astrocyte Dysfunction in Parkinson’s Disease Pathogenesis 253

Park-7 decreased astrocytic mitochondrial motility in the same mode as rotenone
treatment, and this knockdown exacerbated the decrease in astrocyte mitochon-
drial membrane potential caused by rotenone treatment (Mullett and Hinkle
2009).

2. SNCA encodes for an a-synuclein protein (Cabezas et al. 2014), and mutations or

duplication of the gene have been linked to the development of PD. Expression of
SNCA is predominantly neuronal, with very low expression observed in
astrocytes (Solano et al. 2000). However, in postmortem PD brains,
a-synuclein-positive inclusions were also seen in astrocytes along with neurons,
which depicts PD pathology parallel with the formation of cortical intraneuronal
Lewy neurites and LBs (Braak et al. 2007). The presence of astrocytic
a-synuclein could be because the excess a-synuclein secreted by neurons is
taken up by astrocytes in PD via TLR4-independent endocytosis pathway that
localizes a-synuclein to lysosomes for degradation (Rannikko et al. 2015). The
accumulation of a-synuclein in astrocytes beyond a certain threshold disrupts
their physiological functions of maintaining CNS homeostasis and BBB integrity
(Cabezas et al. 2014). A high concentration of extracellular a-synuclein, when not
degraded by astrocytes, activates an inflammatory response that contributes to PD
pathology (Lee et al. 2010b). The same was depicted by overexpressing mutant
SNCA under an astrocyte-specific promoter in a mouse model, where a-synuclein
over accumulation resulted in astrogliosis followed by neurodegeneration and
motor impairment. Such mice showed impaired expression of GLAST1 and
GLT1 along with BBB dysfunction due to abnormal localization of water channel
AQP4 (Lee et al. 2017; Mader and Brimberg 2019). All these pathological
changes then contributed to DA neuron degeneration in SNpc (60.5%) and
VTA (26.1%).
In another a-synuclein toxicity study conducted on human astrocytes, mitochon-
drial dysfunction was found to be activated leading to cellular degeneration and
cell death (Braidy et al. 2013). Astrocytes play a crucial role in fatty acid
metabolism in the brain, as is evident from a study done on SNCA KO primary
astrocytes in mice that showed impairment in incorporation and distribution of
fatty acid metabolites, AA, and palmitic acid (Gu et al. 2010). Astrocytic
a-synuclein has been proved to be involved in the non-cell-autonomous killing
of neurons as depicted in a-synuclein inducible transgenic mice (Emanuele and
Chieregatti 2015). The PD-related A53T a-synuclein was selectively expressed
by astrocytes, due to which A53T mutant mice developed rapidly progressive
paralysis along with astrocytosis, microglial activation, and midbrain DA and
spinal cord motor neuron degeneration. These results establish that a-synuclein-
mediated cytotoxicity to astrocytes contributes to the neurodegeneration observed
in PD.

3. The LRRK2 gene encodes for LRRK?2 protein that has dual kinase and GTPase
activity. The most common genetic cause known for PD is the mutations in the
LRRK?2 gene, which results in autosomal dominant Parkinsonism and presents a
phenotype similar to idiopathic PD (Zimprich et al. 2004). Polyclonal antibody to
LRRK?2 has shown to intensely label LBs in PD. LRRK2 is constitutively
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expressed in neurons and glial cells of the human brain. Postmortem analysis of
control, idiopathic, and G2019S (most common PD-linked variant) LRRK2 PD
patients has shown no difference in the morphological localization of LRRK?2 in
control and PD individuals (Trinh et al. 2014). However, real-time RNA analysis
has identified differential reduction of LRRK2 mRNA expression in PD cases
compared to control, thus suggesting that dysregulated LRRK2 mRNA expres-
sion contributes to PD pathogenesis (Sharma et al. 2011).

The major physiological function of LRRK?2 is in the autophagy/lysosomal
pathway, as determined by using LRRK2 inhibitors. A specific inhibitor of the
kinase activity of LRRK?2 induced in human neuroglioma cells stimulated
macroautophagy without any alteration in the translational targets of mTORCI,
suggesting that LRRK?2 regulates autophagic vesicle formation independent of
canonical mMTORCI1 signaling. In the presence of autophagy, the LC3 protein is
lipidated and transported to the membrane of autophagic vesicles. When LRRK?2
kinase activity was inhibited, it has been shown to increase the lipidation of LC3
in primary mouse astrocytes (Manzoni et al. 2013). Furthermore, the presence of
green fluorescent protein-tagged, PD-causing LRRK2 mutants (R1441C,
Y1699C, and G2019S) in primary mouse astrocytes has been proven to lead to
an increase in lysosome size, confirming the role of LRRK2 kinase activity in
lysosomal autophagy in PD astrocytes (Henry et al. 2015). Given the association
between LRRK2 kinase and autophagy, using LRRK2 inhibitors may have
potential therapeutic use in PD.

4. PARK (Parkin). Parkin is the protein encoded by gene PARK?2 (Parkin RBR E3
ubiquitin-protein ligase) and is known to cause genetic recessive PD (Koyano and
Matsuda 2015). Parkin mutations in humans produce Parkinsonism depicting
dysfunctional protein degradation, elevated reactive species generation, and
abnormal neurotransmitter release (Choi et al. 2013). The parkin protein, being
a ubiquitin ligase, directly links ubiquitin-proteasome to the substrate, causing
protein degradation (Kawajiri et al. 2011). Parkin is mainly involved in
mitophagy in collaboration with another gene, PINK1 (Vives-Bauza et al.
2010). Under steady-state conditions, Parkin is in the inactive state and gets
activated on sensing mitochondrial dysfunction. In such a scenario, Parkin is
selectively recruited to depolarized mitochondria following uncoupling with an
exogenous reagent such as CCCP and then stimulates the autophagic removal of
damaged mitochondria (Narendra et al. 2008).

Clinical studies on PD brains with PARK2 mutations have shown
accumulated a-synuclein inclusions in astrocytes (Braak et al. 2007; Hayashi
et al. 2000). One study on cultured midbrain glia from WT and PK-KO mice
found that PK-KO glial cultures had fewer astrocytes, more microglia, reduced
proliferation, and increased proapoptotic protein expression (Solano et al. 2008a).
PARK?2 mutations result in a loss of function, and Parkin has been shown to have
a role in astrocyte proliferation, as evident from the reduced proliferation of
PARK?2-KO astrocytes. In the absence of PARK2, astrocytes show decreased
GSH levels and thus reduced neurotrophic capacity. Furthermore, there is
prolonged impairment in mitochondria in the case of PARK2-KO astrocytes
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but not neurons. In control conditions, in response to unfolded protein response,
there is an increase in Parkin levels in astrocytes, conveying that Parkin may
exhibit cell type-specific functions (Ledesma et al. 2002). Additionally, Parkin is
involved in the astrocyte inflammatory response through the activation of IL-1
with Parkin downregulation and TNF-« activation with upregulated Parkin levels
(Khasnavis and Pahan 2014). The effect of upregulated PARK?2 levels was
checked in a MPTP mouse model of PD in protecting DA neurons using
cinnamon. MPTP treatment in mouse increased iNOS levels and decreased
Parkin/DJ-1 levels in the SN, which was counteracted using a cinnamon supple-
ment, resulting in reduced iNOS expression and increased Parkin in the SN
(Khasnavis and Pahan 2014). Therefore, the upregulation of PARK-2 in
astrocytes may have therapeutic importance in PD.

5. The PLA2G6 gene encodes for calcium-independent iPLA2f or VIA/iPLA2f, an
enzyme that catalyzes the release of fatty acids from phospholipids (Kinghorna
and Castillo-Quana 2016; Ramanadham et al. 2015). VIA iPLA2p also plays an
important role in regulating cellular calcium homeostasis by directing a type of
calcium influx, capacitative calcium entry (Strokin et al. 2012). Functionally
active VIA/iPLA2f is necessary for activation of Orail, the pore-forming subunit
of the calcium release-activated calcium channels. Mutations in iPLA2 are a
cause of infantile neuroaxonal dystrophy and neurodegeneration with brain iron
accumulation and have lately been shown to cause PD (Mori et al. 2019). iPLA2f
inhibition has been shown to inhibit the release of the fatty acid AA from
phospholipids in astrocytes (Xu et al. 2003). Tang et al. (2010) reported hetero-
zygous PLA2G6 p.P806R (c.2417C>G) mutation in exon 17 to be a possible
PD-related mutation (Lin et al. 2018). Further, in primary astrocytes, PLA2G6
loss has been associated with reduced calcium response. LPS treatment of WT
astrocytes resulted in increased calcium responses in terms of amplitude and
duration, attributed to increased expression and activity of VIA/iPLA2 suggesting
a link with TLR4 signaling and hence inflammation (Strokin et al. 2011).
ATP-mediated calcium signaling is supposed to be vital for interaction among
astrocytes (Arcuino et al. 2002), which might be impaired in patients with iPLA2
mutations.

The pathogenesis of PLA2G6 gene mutation in PD could be attributed to the
abnormal metabolism of AA which is associated with increased neuronal
excitability and seizure propagation (Gaoa et al. 2016). Excess AA leads to
sustained activation of NMDA receptors that results in activation of the synapto-
somal release of glutamate, decreased glutamate uptake by astrocytes, and
increased glutamate uptake into synaptic vesicles—all of which contribute to
the increased glutamate levels in the synaptic cleft and consequent excitotoxicity
(Aroniadou-Anderjaska et al. 2012). VIA/iPLA2 loss also results in acyl-chain
shortening in phospholipids, affecting ER homeostasis and neurotransmission
and promoting a-synuclein aggregation, which is one of the major constituents of
LBs (Mori et al. 2019).

6. PINK1 encodes for PINK1, a protein kinase involved in mitophagy (Koyano and
Matsuda 2015). PINK1 expression in the brain increases as embryonic
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development progresses and is vital for the development of astrocytes. PINK1
deficiency causes defects in GFAP expression during early brain development
and leads to decrease in differentiation of NSCs into GFAP-positive astrocytes
(astrogenesis) (Joe et al. 2018).

Most of the mutations in PINKI that are PD-related are loss-of-function
mutations (Kawajiri et al. 2011). PINK1 deficiency brings about the defective
proliferative response of astrocytes to EGF and FBS due to mitochondrial
dysfunction through increased p38 MAPK activation, decreased AKT activation,
and decreased EGFR expression. Booth et al. (2017) showed that this defective
proliferation of astrocytes in the brain is controlled by EGFR signaling via an
AKT/p38-dependent pathway. In addition, PINK1 mutation brings about mito-
chondrial dysfunction bringing about a reduction in ATP production, which also
contributes to the decreased proliferation of astrocytes, with grave repercussions
for neuroprotection and general brain health (Booth et al. 2017). KO of PINK1 in
mice resulted in a reduction in the number of astrocytes compared with WT mice
(Choi et al. 2013), and PINK1-deficient astrocytic cultures from postnatal mouse
showed reduced proliferation (Choi et al. 2013, 2016). Additionally, the mito-
chondrial condition of the cells was affected, resulting in reduced ATP produc-
tion, which also contributed to their decreased proliferation. Sun et al. (2018)
showed that the loss of PINKI alters glial proliferation and brings about
alterations in the glial inflammatory profile. Glial proliferation leads to
hypersensitized astrocytes and microglia that have greater levels of basal and
triggered inflammatory cytokine release, NO production, and NLRP3
inflammasome activation (Ge et al. 2020). PINK1 deficiency decreases the
expression of various miRNAs like mir-326, mir-330, and mir-3099 that are
necessary for NSC differentiation to astrocytes (Choi et al. 2016), while critical
signaling molecules required for astrogenesis like SMAD1/5/8, STAT3, and
HES]1 are unaffected (Joe et al. 2018).

7. GBA is a lysosomal enzyme involved in the catalysis of glycolipids to ceramide
and glucose (Ginns et al. 1985). It is synthesized in the ER and carried to the
lysosomes via LAMP2. The GBA mutations are associated with alterations in
lipid levels that may lead to lysosomal storage disease, which can induce
synucleinopathies (Gatto et al. 2019). Currently, GBA variants are the most
common genetic risk factor associated with Parkinsonism (Velayati et al. 2010).
PD patients with GBA mutations are likely to have an early onset and greater
cognitive decline. GBA activity is also significantly lower in the SN and anterior
cingulate cortex of sporadic PD brains. The increased PD risk in GBA mutation
carriers varies with race. The mechanism by which this mutation promotes PD is
still unclear, but the main pathways implicated are the accumulation of
a-synuclein, impaired lysosomal function, inhibition of autophagy, and the
generation of ER stress (Do et al. 2019). GBA dysfunction can lead to lysosomal
insufficiency, reducing a-synuclein degradation and promoting its aggregation, as
lysosomes are the major compartments for protein degradation (Velayati et al.
2010). a-Synuclein is degraded via CMA, which requires binding to the lyso-
somal receptor, LAMP2a (Vogiatzi et al. 2008). However, the A53T and A30P
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mutant variants of a-synuclein, as well as the posttranslationally dopamine-
modified variants of a-synuclein, block this pathway.

In Parkinsonism associated with GBA mutations, the pathogenesis can be
explained by both gain and loss of function. GBA degrades glucocerebroside to
ceramide, and these changes in ceramide metabolism are associated with
a-synuclein aggregation and, in turn, LB formation (Do et al. 2019). GCase
activity on reduction results in increase in levels of glucosylceramide, affecting
autophagy and promoting a-synuclein accumulation by stabilization of
o-synuclein oligomeric forms that in turn inhibit GBA function, causing
glucosylceramide (GlcCer) accumulation that further attenuates a-synuclein
aggregation.

The KO of GBA in mice in neurons, astrocytes, and oligodendrocytes
increased expression of cathepsin lysosomal proteases in both astrocytes and
neurons (Vitner et al. 2010). Another study done on primary GBA-KO astrocytes
has demonstrated a reduced number of LC3-positive puncta, indicating further
deficits in the autophagy pathway (Osellame and Duchen 2013). Further, astro-
cytic mitochondria from GBA-KO mice exhibited decreased mitochondrial rest-
ing membrane potential and increased mitochondrial fragmentation (Osellame
and Duchen 2013).

8. ATP13A2 is a lysosomal protein type 5 ATPase implicated in the transport of

cations and other substrates across membranes involving enzymes that mediate
the coupling of active substrate transport with the hydrolysis of ATP (Veen et al.
2014). ATP13A2 plays a role in manganese and Zn metabolism, mitochondrial
bioenergetics, autophagy-lysosomal pathway, and most importantly, in
a-synuclein metabolism (Park et al. 2015).
In PD, ATP13A2 expression is reduced, resulting in impaired Zn buffering
capacity that leads to cytosolic Zn concentration elevation. This in turn results
in a decrease in DWm, an increase in ROS production, mitochondrial fragmenta-
tion, and ATP depletion and the impairment in activity of lysosomal hydrolase by
disrupting the ionic balance in lysosomes (Park et al. 2014). Reduction of
ATP13A2 expression inhibits externalization of a-synuclein in exosomes,
which leads to accumulation of a-synuclein.

An ATPI3A KO study in astrocytes has shown increased expression of
proinflammatory cytokines and decreased expression of anti-inflammatory
cytokines and NFs, such as GDNF, in comparison to WT astrocytes. Conditioned
medium from ATP13A2-KO astrocytes was assessed to be less neurotrophic than
medium from WT astrocytes and was not as much able to protect DA neurons
from MPP+ toxicity. Moreover, it was also shown that MPP+ toxicity resulted in
a reduction in expression of ATPI3A2 in astrocytes, indicating that MPP+
toxicity followed the same pathway to induce degeneration (Qiao et al. 2016).

5 Deleterious Astrocytic Changes in PD

Figure 3 schematically represents the pathophysiology of astrocytes in PD.
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1. The role of astrocytes in inflammation—One of the hallmarks of PD patho-

physiology is neuroinflammation, which is involved in DA neuronal death. The
major inflammatory players in the brain are activated microglia and reactive
astrocytes (Heneka et al. 2005). Astrocytes turn reactive to counteract any
pathological change in the brain, and this is characterized by hypertrophy and
overexpression of the intermediate filament GFAP, generating glial scar com-
posed of cytokines and chemokines (Sofroniew and Vinters 2010).
Postmortem analysis of SNpc regions of five PD individuals in comparison to
control showed a comparative increase in the astrocytic level of inflammatory
cytokines, including TNF, IL-1p, IL-2, IL-4, and IL-6 (Hunot et al. 1999; Mogi
et al. 1994, 1996). In other studies, activated microglia, cytokine accumulation,
and NF-kB pathway activation was found in the CSF and brains of PD patients
(Hunot et al. 1999; McGeer et al. 1988) and in most experimental models of PD
(Castafio et al. 1998; Czlonkowska et al. 1996; Gao et al. 2002). Astrocyte
reactivity is reported in the brain of PD and MPTP intoxicated individuals and
in animal models of the disease (Forno et al. 1992).

Irrespective of the cause, both familial and idiopathic forms of PD exhibit LB
formation, microglia activation, and nigral DA neuron loss as common features.
o-Synuclein mutations resulting in protein aggregation also produce robust
microglia activation, highlighting the involvement of inflammation in PD that is
both astrocytic and microglia-mediated. Microglial activation by intranigral
administration of prostaglandin J2 (endogenous reactive product of inflamma-
tion) can result in selective DA neuronal loss in the SN, formation of ubiquitin-
and a-synuclein-immunoreactive aggregates, massive microglia and astrocyte
activation, and locomotor deficits in treated mice (Pierre et al. 2009).

These postmortem and animal studies thus suggest the role of glial involve-
ment in PD pathophysiology, either at initiation or during progression (Halliday
and Stevens 2011). Even if neuroinflammation does not precede DA neuron
dysfunction, activation of microglia and astrocytes is promoted by dying DA
neurons secreting (Aloisi 2001; Kim and de Vellis 2005).

a-Synuclein is endogenously expressed at low levels in astrocytes. However,
postmortem PD brains have shown a-synuclein-positive inclusions both in
astrocytes and neurons, which corroborate several studies that report exchange
of a-synuclein among neurons and astrocytes (Braak et al. 2007; Halliday and
Stevens 2011; Lee et al. 2010c). In astrocytes, RNA analysis has identified the
genes performing engulfment and phagocytosis, which highlights the vital role of
glial dysregulation as a mechanism underlying PD pathogenesis (Chung et al.
2015). Furthermore, a neurotoxic Al astrocyte population is seen in PD,
suggesting that defects in neuronal debris clearance by astrocytes may contribute
to enhanced protein accumulation, leading to proteinopathy as observed in PD
(Liddelow et al. 2017). Non-fibrillized a-synuclein has been seen in protoplasmic
astrocytes in early PD too (Sorrentino et al. 2019). Astrocytes are known to take
up a-synuclein from the extracellular space through a TLR4-independent endo-
cytosis pathway (Rannikko et al. 2015). The endocytosed a-synuclein is then
localized to the lysosome leading to its degradation. Astrocytes can degrade
fibrillar a-synuclein as well as human a-synuclein purified from LB, proposing
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an active role of astrocytes in the clearance of a-synuclein deposits (Loria et al.
2017). However, in PD, the existence of a-synuclein with in the astrocytes has a
negative impact on astrocyte functions. Above a certain threshold of a-synuclein,
a TLR4-dependent inflammatory response was seen to be induced in primary
astrocyte cultures (Lee et al. 2010a). On activation, astrocytes can indirectly
activate microglia. This synergistic activation of astrocytes and microglia on
a-synuclein induction was seen in animal models (Barcia et al. 2013) and can
result in triggering the production of inflammatory factors such as TNF-o and
IFN-y in astrocytes (Lee et al. 2010a). The aggregation of a-synuclein in
astrocytes breaks down their lysosomes and impacts mitochondrial homeostasis,
leading to protein aggregation, and may induce cell-to-cell transfer of a-synuclein
via tunneling nanotubes (Lindstrom et al. 2017). Thus, misfolded a-synuclein is
not degraded in astrocytes and exchanged between different regions of the brain,
leading to PD. In line with this, astrocytes from the PD cortex and striatum region
have also shown to contain extensive a-synuclein deposits.

The cross talk between astrocytes and microglia in PD is further confirmed in a
mouse model overexpressing AS3T a-synuclein in astrocytes where a-synuclein
aggregates led to astrogliosis and microglial activation—which resulted in the
non-cell autonomous loss of DA and motor neurons and hence paralysis in the
mouse (Gu et al. 2010). This study highlighted the pivotal role of astrocytic and
microglial activation in causing neurodegeneration in the PD mouse model.
Nevertheless, activated microglia have also been shown to induce reactivity of
astrocytes, especially toward a pro-inflammatory, neurotoxic phenotype
(Liddelow et al. 2017). Both astrocytosis and microglial activation, marked by
IL-6 immunoreactivity, were also noticed in MPTP-administered mice, where a
transient microglial reaction was observed on MPTP induction, followed by
astrocytosis the next day, and continued until the end of the observation time
(21 days) leading to depletion of DA cells (Kurkowska-Jastrzebska et al. 1999).
Another study linking neuroinflammation to PD was conducted on mice
overexpressing human a-synuclein. Increased expression of a-synuclein resulted
in microgliosis and higher levels of inflammatory cytokines IL-1a, IL-6, TNF-a,
COX-2, and iNOS, which preceded the loss of DA neurons (Theodore et al.
2008). This confirms that a-synuclein induction alone is quite sufficient to trigger
a robust inflammatory cascade.

In silico analysis of a whole-genome transcriptome data set has predicted
increased expression of chaperones belonging to the DnaJ/Hsp40 family in PD
(Moran et al. 2006). Hsp belonging to molecular chaperones prevent the aggre-
gation and promote ubiquitination as well as degradation of misfolded proteins
(Chuang and Madura 2005). In PD astrocytes, the expression of DnaJB6, a novel
component of LBs, was found to be highly expressed compared to its control
counterparts. The upregulation of DnaJB6 in parkinsonian astrocytes further
emphasizes the a-synuclein immunoreactivity in astrocytes (Durrenberger et al.
2009).

When microarray analysis was conducted on primary astrocytes treated with a
conditioned medium of a-synuclein expressing SH-SY5Y neuronal cells, major
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changes were observed in genes coding for proinflammatory cytokines and
chemokines (Lee et al. 2010a). The drastic increase in expression of IL-1a,
IL-1p, IL-6, IL-18, and CSF-1, CSF-2, and CSF-3 is due to a strong inflammatory
response from astrocytes upon exposure to neuron-derived a-synuclein. Also, the
expression of the anti-inflammatory molecule TGFfB3 decreased significantly
(by 80% after 24 h). Along with cytokines, changes in chemokine expression in
astrocytes were also observed, with CC-type (CCL-3, CCL-4, CCL-5, CCL-12,
CCL-20), CXC-type (CXCL-1, CXC-2, CXC-5, CXC-10, CXC-11, CXC-12,
CXC-16), and CX3C-type (CX3CL1) chemokines showing higher response to
neuron-derived extracellular a-synuclein (Tremblay et al. 2019).

However, whether astrogliosis was triggered or not, inflammatory events
seemed to affect astrocytes as evidenced by the increased levels of
myeloperoxidase (Choi et al. 2005), a key oxidant-producing enzyme during
inflammation; milk fat globule-EGF-8 (Kinugawa et al. 2013), a factor involved
in phagocytic recognition; and HO-1 (Schipper et al. 2009), reported in astrocytes
in the parkinsonian brain.

2. The role of astrocytes in oxidative stress—Oxidative stress is a major
contributing factor in the pathogenesis of PD. The sensitivity of the PD brain to
ROS is greater, owing to the high levels of polyunsaturated fatty acids and
reduced levels of antioxidants in the affected area, the SNpc. Oxidative stress is
accompanied by astrocytic proliferation in PD. Postmortem brain sections from
PD patients have revealed a mitochondrial complex I inhibition in SN, which
leads to decreased synthesis of ATP and excess ROS generation (Mizuno et al.
1990). Due to the presence of oxidative stress, the DNA is found to be severely
oxidized in PD patients. Studies on autopsy samples of PD patients have shown a
decrease in nucleolar integrity in DA neurons of the SN compared to control
individuals. The nucleolus, the stress sensor of the cell (Choi et al. 2005), was
found to be oxidatively damaged, as measured by expression of nucleophosmin
in both the clinical PD samples and in MPTP-induced PD animal models (Rieker
etal. 2011). Various neurotoxins used to model PD in animals have also reported
oxidative stress generation. MPTP disrupts complex I of the mitochondrial
respiratory chain thereby enhancing superoxide formation, which then initiates
neuron loss. Similarly, 6-OHDA impairs DA neuronal function through free
radical-mediated mechanisms. Products generated by RNS, such as ONOO-
and NO, are commonly reported in the brains of MPTP-injected animals (Choi
et al. 2005) and LBs of PD patients (Souza et al. 2000). NO, being a free radical,
reacts with proteins and lipids causing their oxidation (Iravani et al. 2002).

Compared to astrocytes, neurons contribute to the majority of oxidative stress
generation in PD due to the presence of dopamine metabolism and its auto-
oxidation, low levels of antioxidants such as GSH and SOD, and mitochondrial
complex I inhibition. While astrocytes are more resistant to ROS-induced dam-
age, they generate oxidative stress in PD in multiple ways. Astrocytes metabolize
dopamine enzymatically by MAOs into H,O,. Being pro-oxidant and highly
permeable, H,O, crosses into the neighboring DA cells and contributes to ROS
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generation. As glia contain high levels of antioxidants GSH and GPx, they can
easily transform H,O, to water to protect their milieu.

There are two major sources of endogenous ROS generation in the brain—
mitochondria, where the electron transport chain leads to the generation of ROS,
and the NOX pathway, which catalyzes the transportation process of electrons
from NADPH to O, that eventually converts to ROS. Astrocytic mitochondria
distributed all over the astrocytic cell body and long processes play an important
role in astrocytic redox regulation. Its role in neurological diseases was studied
using an astrocytic mitochondrial Tfam conditionally KO model that resulted in
increased neuronal death under conditions of ischemic stroke. Further neuronal
defects and behavior impairment were observed in animals having an astrocyte-
specific deletion of mitochondrial m-AAA protease. METH, a monoaminergic
toxin that is associated with an increased risk of developing PD, decreases levels
of dopamine and dopamine transporters and results in astrogliosis in vivo by
disrupting mitochondrial function and thus causing oxidative stress in astrocytes
(Granado et al. 2013). There are seven members in this NOX family, of which
NOX2 and NOX4 are mainly expressed in the brain—NOX?2 in microglia and
NOX4 in astrocytes. The activity of astrocytic NOX4 is seen to be upregulated in
neurodegenerative diseases where it induces oxidative stress and astrogliosis.
Similarly, in an inflammatory model of PD induced with LPS, the expression of
the NOX complex is increased leading to the pathogenesis of PD.

Astrocytic RNS is the major reactive product found in PD as a result of
astrocyte-derived oxidative stress. Astrocytes are shown to express three main
NOS isoforms expressed in the brain, calcium/calmodulin-dependent nNOS,
eNOS, and calcium-independent iNOS (Gabbott and Bacon 1996; Galea et al.
1992). To check the effect of astrocytic RNS on the survival of neurons in
co-culture, astrocytes were stimulated with cytokines to produce NO and its
metabolite ONOO-, and it was found that both NO and ONOO- inhibit the
activities of mitochondrial respiratory complexes II/III and IV of neighboring
neurons, thereby inducing neuronal damage (Stewart et al. 2000). In addition,
aggregated a-synuclein induced the production of ROS causing lipid peroxida-
tion and cell death in neuron-astrocyte co-culture systems, which was inhibited
by pre-incubation of co-culture with D-PUFAs, which confirms the role of lipid
peroxidation in inducing neuronal death (Angelova et al. 2015). In PD patients
and animal models, a PD associated protein, Parkin is S-nitrosylated.
S-nitrosylation of parkin inhibits its ubiquitin E3 ligase activity, thus resulting
in the aggregation of proteins in neurons as observed in PD (Chung et al. 2004).

As a cellular response to genotoxic stress, poly(ADP-ribosyl)ation, specifi-
cally PARP-1, PARP-2, and PARP-3, is known to get activated in astrocytes,
which results in depletion of glycolysis, ATP levels, inflammation, and eventu-
ally widespread neuronal death. In PD, a significant increase of PARP-containing
nuclei in the DA neurons has been observed in immunohistochemical studies. In
astrocytes, glutamate transmission is firmly regulated by ATP-dependent astro-
cytic glutamate transporters alkylating agent MNNG, astrocytic PARP-1 was
found to be upregulated, which leads to defects in glutamate uptake and hence
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bioenergetic depletion and eventually to a significant reduction in cultured
cortical astrocyte survival (Tang et al. 2010).

In astrocytes, IGF-1 signaling plays a role in protecting neurons from oxida-
tive stress. The association between IGF-1 and PD has been documented in
several studies such as (Gibb and Lees 1988) the presence of abundant IGF-1
receptors in the SN (Gibb and Lees 1988) improved survival of embryonic DA
and SN neurons with IGF-1 treatment (Mashayekhi et al. 2010) and (Gibb and
Lees 1988) protection of neuronal cells in vitro from dopamine-induced toxicity
(Chung et al. 2005; Offen et al. 2001). These studies imply that astrocyte secreted
IGF-1 regulates DA-induced toxicity by acting against ROS generation. Under
neurodegenerative conditions, Nod-like receptors/inflammasomes get activated
in astroglial cells. On activation of cultured cortical astrocytes by LPS or ethanol,
mitochondrial ROS are generated that mediate NLRP3 inflammasome activation
(Bernhard et al. 2016).

The major detoxifying enzyme GSH is of paramount importance in PD as the
level of GSH depletion is found to be directly proportional to the severity of the
disease. The loss of GSH content is the earliest known indicator of nigral
degeneration (Jenner 1993; Jenner and Olanow 1996). Astrocytes produce and
store the majority of GSH and protect neurons from oxidative stress by releasing
GSH into the extracellular milieu. The antioxidant drugs used in treatment
regimens for PD also act by increasing GSH synthesis in astrocytes (Finsterwald
et al. 2015). The levels of the reduced form of GSH are significantly decreased
whereas oxidized GSH levels are normal in the SN of PD patients (Riederer et al.
1989). Along with this, the levels and activities of GSH enzymes such as
y-glutamyl transpeptidase (Sian et al. 1994), GPx (Mythri et al. 2011), and
glutathione-S-transferase (Reynolds et al. 2008) are significantly altered.

Nrf2 is another antioxidant pathway that was found to be impaired in a
postmortem study of PD patients. While Nrf2 was seen to be localized to the
nucleus in PD, the response may not be sufficient to protect neurons from
degeneration (Ramsey et al. 2007). In a Parkinson’s model, astrocytic activation
of Nrf2 by tBHQ protected against MPP+ neurotoxicity. Interestingly, antioxi-
dant peroxyredoxin-2 and peroxyredoxin-3 levels are increased in the PD patient
brains as revealed by IHC (Martin et al. 2015; Qu et al. 2007). 6-OHDA
induction, when given to DA neurons and a mouse model of PD, was found to
be protective via mechanisms involving peroxiredoxin on DA neurons in culture.
Peroxiredoxin overexpression resulted in significant in vitro and in vivo
neuroprotection by exhibiting antiapoptotic effects in DA neurons through the
suppression of ASK1-dependent activation of the c-Jun N-terminal kinase/c-Jun
and p38 pro-death pathways and also preserved motor functions in an animal
model (Qu et al. 2007).

3. Astrocyte influence on BBB dysregulation—The BBB is a major functional
barrier in the brain and is composed of endothelial cells, pericytes, and astrocytes.
During neurodegenerative conditions like PD, BBB is disrupted resulting in
inflammation, oxidative stress, and neurotoxicity. This disruption of the function
of BBB is also found to be mediated by astrocyte-derived vascular permeability



264 I. Datta et al.

factors that upregulate BBB permeability, such as vascular endothelial growth
factors, MMPs, NO, glutamate, and endothelin-1.

BBB is regulated by the basal lamina, made up of collagen, laminin and
fibronectin, and tight junctions, composed of CLN, OCLN, and ZO (Luissint
et al. 2012). The end feet of astrocytes wrap around cerebral microvessels and
regulate BBB functions via astrocyte-derived factors. Astrocytic end feet express
the potassium channel Kir4.1 and AQP4 that plays a role in maintaining the ion
and water balance (Gleiser et al. 2016). Through inflammatory molecules,
astrocytes regulate the expression of the cell adhesion molecules like VCAM-1
and ICAM-1, thereby affecting circulating leukocyte infiltration into the CNS. In
brain disorders, astrocytes turn to the reactive state and release various extracel-
lular signaling molecules such as VEGF, MMPs, NO, glutamate, and endothelin
which induce endothelial cell apoptosis resulting in BBB disruption (Michinaga
and Koyama 2019).

Clinical studies have demonstrated BBB impairment in PD patients
(Kortekaas et al. 2005; Ohlin et al. 2011). According to the Braak staging
framework for PD spread, all the regions disrupted in Braak stage 1 have axon
terminals surrounding the BBB. However, BBB protects all other regions, whose
axon terminals reside within the brain, from blood-borne substances. Thus, as
depicted by positron-emission tomography imaging and CSF analysis, BBB
hyperpermeability is evident in PD. The same has been shown by a postmortem
study of PD individuals which confirmed compromised BBB integrity in the
striatum by methods such as erythrocyte extravasation, perivascular hemosiderin,
and leakage of various serum proteins outside UEA-staining vessel walls (Gray
and Woulfe 2015; Kortekaas et al. 2005). Kortekaas et al. (2005) found an
increase in the brain uptake of BBB impermeable drugs, benzerazide and [11C]
verapamil in PD patients and animal models, indicating BBB disruption in PD.
Moreover, PD patients administered levodopa presented a decrease in cerebral
blood flow associated with increased BBB permeability as depicted by positron-
emission tomography (Hirano et al. 2008).

Animal studies have similarly supported the presence of BBB dysfunction in
the MPTP and 6-OHDA PD mouse models (Carvey et al. 2005; Chen et al. 2008).
6-OHDA treatment of mouse resulted in astrogliosis and disruption of tight
junctions (Carvey et al. 2005), whereas MPTP injection impaired striatal BBB
integrity by increasing angiogenesis and extravasation of serum albumin into the
brain parenchyma (Gray and Woulfe 2015). The expression and role of the BBB
efflux pump P-glycoprotein are found to be decreased in the PD midbrain as
revealed by positron-emission tomography.

The BBB impairment observed in PD has been associated with astrocytes in
many ways. BBB dysfunction in PD contributes to reactive gliosis, which leads to
the production of VEGF via activation of astrocytes. High amounts of VEGF
produced results in oedema and hyperpermeability and had deleterious effects on
DA neurons (Yasuhara et al. 2005). Aggregated a-synuclein following its uptake
in astrocytes disrupted astrocytic glutamate transporters along with the ability of
astrocytes to regulate the BBB.
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In PD, the expression of cytokines IL-6, IL-1B, and TNF-a was found to be
increased with a concurrent decrease in BBB proteins ZO-1 and occludin in tight
junctions (Wong et al. 2004). These studies highlight the involvement of reactive
astrogliosis in BBB disruption.

4. Glutamate transporters in dysfunction astrocytes and PD—The predominant
excitatory neurotransmitter in the human brain is glutamate which is regulated by
the EAAT subtypes (Roberts et al. 2014). Astrocytes are the major source of
EAAT1 and EAAT?2 in the brain (Gargioli et al. 2018) where they regulate
glutamate levels at the synapse to avoid neuronal excitotoxicity and hyper-
excitability (Colangelo et al. 2014; Zhang et al. 2016a). Among the two subtypes,
the EAAT2/GLT]1 is broad distributed among the forebrain, cerebral cortex, and
hippocampus. Extracellular glutamate accumulation is mainly due to the
impairment of EAAT?2 and is related to Huntington’s disease, AD, PD, and AMS.

5. AQP4 dysfunction in astrocytes and PD—AQPs are a group of integral trans-
membrane proteins involved in maintaining brain homeostasis via regulation of
water permeability across BBB. AQPs are subdivided among various types based
on distribution with AQP1 and AQP4 localized to choroid plexus and astrocytic
foot processes, respectively. AQP4 channels cluster along the astrocyte end foot
processes of the BBB neighboring onto blood vessels (Lan et al. 2016).

AQP4 expressed in endothelial cells mediates the bidirectional interaction
between astrocytes and BBB components (Lanciotti et al. 2013; Stavale et al.
2013). In mouse studies, the expression of AQP4 was found to be higher in SNpc
than in the neocortex as evident from the IF labelling and electron microscope
quantitative immuno-gold analysis (Hoddevik et al. 2017). Astrocytic AQP4
regulates various biological functions of the CNS, such as maintaining CNS
water balance, spatial buffering of extracellular potassium, calcium signaling,
neurotransmission (Stavale et al. 2013), learning and memory formation, synaptic
plasticity, the interaction between astrocytes, BBB maintenance, and adult brain
neurogenesis. Evidence suggests that AQP4 dysfunction results in the onset and
progression of various pathophysiological disorders, such as PD, depression
(Robinson and Jackson 2016), neuromyelitis optica, AD, ischemia, epilepsy,
cerebral edema, and stroke. In PD patients, AQP4 mRNA was downregulated
in comparison to age-matched healthy controls (Thumburu et al. 2014). A
decrease in AQP4 expression reduced the differential degeneration of midbrain
DA neurons in experimental PD. Similarly, studies with AQP4 downregulation
have found DA neurons to be more susceptible to neurotoxicity through the
modulation of astrocytic NFs.

6. EAAT2-AQP4 interactions in astrocytes and PD—In the mammalian CNS,
AQP4 is co-localized with glutamate transporters EAAT1 and EAAT2, as well as
with Kir 4.1 in the astrocyte plasma membrane, which suggests that AQP4 could
modulate potassium ion and glutamate homeostasis (Wu et al. 2008). Immuno-
histochemical analysis of healthy human subject’s CNS tissue shows that there is
co-localization of EAAT2 with AQP4 in gray matter astrocytes (Hinson et al.
2008). Several studies using co-immunoprecipitation, Western blot, and THC
have found region-specific co-localization between GLT1 and AQP4 in the
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hippocampus, cerebellum, and cortex of AQP4 KO mice (Yang et al. 2013). In
such mice, the glutamate levels were found to be elevated in the synaptic cleft,
thereby inducing neurotoxicity in the hippocampus (Hubbard and Binder 2017).
On the contrary, in an ENT1 null mice model, the colocalization of AQP4 with
EAAT?2 was found to be absent in striatal astrocytes (Mogoanta et al. 2014), but
there was the interaction of AQP4 with GFAP in the striatum of these mice (Lee
et al. 2013).

7. Astrocyte dysfunction and iron homeostasis—In PD, about 255% increase in
intracellular iron was observed in the degenerating DA neurons and associated
microglia in the SN in magnetic resonance imaging and ultrasound studies
(Zhang et al. 2013). Further, neuromelanin granules associated with high amounts
of iron are found in SN of PD patients (Kim et al. 2016); moreover, the ratio of
Fe**:Fe®* was significantly shifted from 2:1 in control to 1:2 in PD subjects.
Animal studies in PD have demonstrated similar increases in iron levels in SNpc
in different PD animal models, e.g., 6-OHDA and MPTP (Lee et al. 2012);
lactacystin (Liddelow et al. 2017); and rotenone (Lindstrom et al. 2017) models.
Being a highly reactive element, imbalance in iron homeostasis results in oxida-
tive damage in the neurons. Free iron when present in higher amounts interacts
with H,O, and produces hydroxyl free radicals that are highly reactive. This
chemical reaction is known as the Fenton Reaction and is the major cause of iron-
induced neurodegeneration in neurons (Bishop et al. 2010). Iron-induced CNS
neurotoxicity is associated with activation of the NMDA receptor signaling that
involves NOS and proteins such as ferroportin and DMT1.

Iron also plays a role as a cofactor for many key enzymes of neurotransmitter
biosynthesis, such as dopamine and noradrenaline (Cherry et al. 2014). TH
catalyzes the rate-limiting step for dopamine synthesis. In vitro studies have
shown the regulation of TH activity by iron. Brain Fe homeostasis is maintained
by an association of endothelial cells and astrocytes. Accumulated iron in SN,
cerebellum, and basal ganglia increased iron-containing molecules, primarily
ferritin, in astrocytes, implying that ferritin is the key iron storage protein in
glial cells. There are two types of ferritin subunits, H-ferritin and L-ferritin, of
which the H-subunit has ferroxidase activity for the changing iron from the
ferrous to the ferric form (Berardelli et al. 2013). In PD substantia nigra, high
amounts of H-ferritin but not L-ferritin have been observed. Also, PD patients and
animal models of PD (induced by 6-OHDA, MPTP, and lactacystin) exhibited
increased DMTT1 levels in SN (Salazar et al. 2008).

Iron stored as ferritin binds to the human TFR1 for its uptake. However,
astrocytes lack TFR, which suggests that astrocytes take up iron through a
different mechanism (Dexter et al. 1989). Endothelial cells expressing TFR1
take up Fe**-loaded Tf and reduce Fe** to ferrous Fe?*. Ferrous iron is then
transported from endosomes into the cytosol by DMT1 and exported into the
extracellular fluid by ferroportin. Astrocytes then oxidize Fe** to Fe’* using
ceruloplasmin (Jiang et al. 2017). In PD, the buildup of high iron levels is
found to be directly proportional to DA neuronal death and disease progression.
This accumulated iron in PD leads to the formation of LBs composed of
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aggregated a-synuclein. Iron, when injected into the midbrain, was found to
increase levels of the “labile iron pool,” thereby inducing an impairment in
dopamine metabolism (Zamanian et al. 2012) and increased levels of lipid
peroxide generation, leading to neuronal loss (Zecca et al. 2005).

High levels of metallothionein, and antioxidants such as GSH and manganese
SOD, make astrocytes more resistant to iron-induced damage compared to
neurons. Astrocytes expressing both TFR and ferritin tightly regulate iron over-
load in neurodegenerative conditions.

Neuroprotective Role of Astrocytes in PD

In addition to the predominant dysfunction of astrocytes observed in PD, astrocytes
also affect neuroprotection in various ways, such as by releasing NFs like BDNF,
GDNF, and MANF; by producing the antioxidant substrate GSH and enzymes such
as GPx and SOD; and by activating the pathway (Nrf2 pathway).

1.

Involvement of NFs (BDNF, GDNF, MANF)—Initial co-culture experiments
showed that primary dopamine neurons survived better with the addition of
conditioned media from astrocyte cultures (Lin et al. 1998), which led to the
discovery of NFs. These NFs are diffusible factors produced by astrocytes and
play a role in the development, maintenance, repair, and survival of neuronal
populations (Knott et al. 2002). While the astrocyte-secreted NFs such as GDNF,
BDNF, and MANF is considered neuroprotective, they have not been used
directly in PD drug therapy because of their inability to cross the blood-brain
barrier and their rapid degradation in vivo.

GDNF plays a prominent role in improving the survival of VM DA neurons in
culture and animal models of PD (Eggert et al. 1999). Transcriptomic analysis has
shown the presence of GDNF in both the developing and adult rat midbrain and
striatum (Choi-Lundberg and Bohn 1995). Among human fetuses at 12—15 weeks
of gestation, mRNA expression of GDNF was detected in astrocyte cultures
(Moretto et al. 1996), but it decreased in adulthood and was only seen in
oligodendrocytes (Zhang et al. 2016b). A few studies have presented GDNF as
a potent survival factor for VM DA neurons (Hegarty et al. 2014; Tomac et al.
1995), which led to the start of clinical trials of GDNF administration. In one
study, clinical administration of GDNF to PD patients directly into the putamen
resulted in significant improvement in patient’s motor symptoms (Gill et al.
2003); however, other placebo-controlled trials produced no change in motor
function (Lang et al. 2006a).

In 6-OHDA treated mice, GDNF-producing astrocytes on pre-implantation
into the midbrain prevented the acquisition of amphetamine-induced rotational
behavior and completely prevented dopamine depletion within the SN. While
GDNF was found to protect and repair DA neurons in 6-OHDA and MPTP
models of PD in rodents and nonhuman primates, it failed to rescue DA neurons
in an a-synuclein animal model of PD and did not result in any improvement in
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behavior (Decressac et al. 2011). This is a hurdle in employing GDNF as a
therapy, as a-synucleinopathy is the major hallmark of PD pathophysiology.

BDNF was the first protein identified that directly promotes the growth and
survival of DA neurons in vivo. It has neurotrophic effects influencing a variety
of non-cholinergic systems along with neurons, including dorsal root ganglion
cells and hippocampal and cortical neurons. BDNF is involved in the maturation
of astrocytes, with high expression of its receptor TrkB in cortical astrocytes. The
neuroprotective effect of astrocytes on primary midbrain culture under 6-OHDA
induction was seen to be mediated by BDNF secretion, which led to the differen-
tial effect of region-specific astrocytes on TH-positive neuron survival under
6-OHDA conditions. To check the effect of BDNF on damaged DA neurons,
astrocytes transduced with the human BDNF gene were grafted into the striatum
of the partially-lesioned hemiparkinsonian rat. BDNF astrocytes in such rats
attenuated amphetamine-induced rotation by 45%, 32 days after grafting.

Transcriptome analysis of BDNF has shown a twofold higher presence of
BDNF mRNA in astrocytes compared to neurons in the mouse cerebral cortex
(Zhang et al. 2014). On the contrary, BDNF mRNA levels in human astrocytes
and neurons are very low (Zhang et al. 2016a), which were seen to be increased
through stimulation with KCl and glutamate in rat forebrain astrocytes in vitro
(Wu et al. 2004).

MANF, compared to BDNF and GDNEF, is a relatively new NF and is selective
in promoting the survival of DA neurons of the ventral midbrain, apart from
having a role in the neurite extension and neuronal differentiation and migration
(Tseng et al. 2017). Unlike other factors, these proteins localize to the ER under
normal conditions, where they inhibit cell proliferation and ER stress-induced cell
death. In neurons, they are secreted after ER calcium depletion and in response to
ER stress (Lindahl et al. 2017).

In the developing mouse brain, high levels of MANF mRNA were detected in
astrocytes compared to neurons (Zhang et al. 2014). The highest levels detected
in mouse astrocytes remain relatively stable throughout the lifespan of the animal,
up to 2 years of age (Clarke et al. 2018). Experimental studies on 6-OHDA
induced PD in rats have shown the neuroprotective role of intrastriatal injected
MANF as evaluated by TH staining in SN and striatum. Also, pre-administration
of MANF in the striatum restored the function of the nigrostriatal DA neurons in
6-OHDA induced PD model in rats. In vitro studies using SH-SYS5Y have shown
the protective action of MANF against 6-OHDA toxicity by inhibiting the ER
stress and activating the PI3K/Akt/mTOR pathway (Thorburne and Juurlink
1996). As ER stress is involved in PD pathogenesis, MANF may have a
neuroprotective role in the disease in addition to playing the role of a trophic
factor.

In sum, astrocytes secrete NFs BDNF, GDNF, and MANF that have a
neuroprotective action on DA neurons in a PD model (Chen et al. 2006).

2. Antioxidant defense of astrocytes—GSH, GPx, SOD—compared to other brain
cells, astrocytes are more resistant to oxidative stress, which could be due to the
higher amounts of GSH present in astrocytes than in neurons in the adult brain.
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Higher cytosolic GSH concentration and GPx activity were detected in astrocytes
than neurons (Huang and Philbert 1995). At the same time, the pro-oxidant iron
content was also found to be 20-fold less in astrocytes compared to neurons.
Dopamine being a reactive molecule can oxidize to form o>, H,0,, and reactive
quinones. The metabolism of dopamine thus generates a redox state, resulting in
the generation of ROS (Zeevalk et al. 2008).

GSH—The concentration of GSH in astrocytes (~3.8 mmol/L) is estimated to be
higher than that in neurons (~2.5 mmol/L) (Bolanos et al. 1995; Rice and Russo-
Menna 1998), due to higher specific activity of the y-glutamylcysteine synthetase
in astrocyte (Gegg et al. 2003). Due to their proximity, astrocytes can share their
GSH with neighboring neurons by releasing this antioxidant substrate through the
MRP1 transporter into the extracellular space (Hirrlinger et al. 2002b). The GSH
content in the SN of PD patients is significantly reduced (~40%) (Sian et al.
1994), and at a cellular level, significant loss of GSH is reported in surviving
nigral DA neurons (Pearce et al. 1997). In genetic models of PD, culture aged
astrocytes from PK-KO mice show lower levels of GSH than those from WT
animals (Solano et al. 2008a). The clinical trial of parenteral GSH administration
in PD patients failed to show any clinical benefits (Hauser et al. 2009), most likely
due to the low permeability of GSH across the BBB (Cornford et al. 1978;
McLellan et al. 1995).

GPx is one of the antioxidant enzymes that catalyze the reduction of H,O, to
water, thereby maintaining intracellular homeostasis (Damier et al. 1993).
According to IHC data, the expression of GPx in normal and PD patient brains
was exclusively confined to glial cells and was not detectable in neurons. In PD
patient brains, the GPx immunoreactive astrocytes were observed to be
surrounding the surviving DA neurons, thereby demonstrating their
neuroprotective role (Power and Blumbergs 2009). To study the effect of GPx1
in H,O, detoxification, a GPx1-deficient mouse line was developed, which
revealed that astrocytes from GPx1 deficient mice are more vulnerable to
H,0,-induced ROS generation, as they dispose of exogenous H,O, more slowly
than wild-type cells. When compared to WT astrocytes, GPx1-deficient cells did
not accumulate oxidized glutathione after peroxide application (Liddell et al.
2006; Lubos et al. 2011; Power and Blumbergs 2009).

The antioxidant role of GPx in GCM in thrombin-treated human astrocyte
cultures was evaluated to show the neuroprotective effect of the conditioned
medium in thrombin-treated human astrocytes. The inclusion of a GPx inhibitor
in GCM-Thr abolished its neuroprotective function, implying that the protection
is mediated mainly by the increased amount of GPx released in the astrocyte-
conditioned medium.

Further, the potency of GPx1 on DA neurons of 6-OHDA induced PD was
studied using SK-N-MC cells (human neuroblastoma cell line) transduced with a
human GPx1 lentiviral construct. This led to increased GPx1 protein expression
and enzymatic activity, resulting in inhibition of the increase in intracellular ROS
generation. In addition of astrocyte conditioned media, H,O, production was
significantly reduced in both GPx1 and non-transduced cells (Lei et al. 2007).
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However, because of GPx1 overexpression, the addition of astrocyte-CM before
6-OHDA treatment could suppress H,O, to levels nearly close to that in healthy
counterpart cells (Bensadoun et al. 1998).

SOD—The role of oxidative stress and that of antioxidant SOD were studied
in a drosophila model of PD created by the overexpression of a-synuclein. In this
in vivo model, a-synuclein cytotoxicity resulted in both DA cell loss and loco-
motor disabilities shown in flies (Botella et al. 2008). Overexpression of human
Cu/Zn SOD was sufficient to protect DA neurons against the toxic effect of
mutant a-synuclein, suggesting that oxidative stress in DA neurons plays an
important role in a-synuclein toxicity (Thiruchelvam et al. 2005). In another
in vitro study, SOD could protect against dopamine toxicity in cultured neuro-
blastoma cells. Clinical studies in PD patients have shown an increase in SOD
levels in the SN and motor cortex of the PD brain, indicating the importance of
SODs in PD development (Cokal et al. 2017).

Nrf2 Pathway—In PD, increased oxidative stress is correlated with neuronal
cell death (Navarro and Boveris 2009). The major regulator of the cytoprotective
response to oxidative stress is the Nrf2-ARE pathway. In basal conditions, the
transcription factor Nrf2 is bound to the Keapl element in the cytoplasm. Under
stress, Nrf2 proteins get dissociated from Keap1 and translocate into the nucleus,
where they bind to the ARE and drive the expression of downstream antioxidant
and detoxification genes such as NQOI1, HO-1, glutamate-cysteine ligase, and
GSTs (Lee and Wei 2005).

Studies have indicated that astrocytic Nrf2 expression mediates
neuroprotection in the MPTP model of PD (Chen et al. 2009). Postmortem
analysis of PD patients has shown Nrf2 localization and expression in the
nucleus, which may be insufficient to protect neurons from degeneration (Ramsey
et al. 2007). Nrf2 protein levels isolated from the CSF of PD patients with
LRRK2 mutation (G2019S) were found to be positively correlated with disease
duration, motor scores, and the Unified PD Rating Scale 43. Unlike the cytosolic
expression of Nrf2 in healthy patients, it localizes to the nucleus of nigral DA
neurons in early Braak stage (1-2) PD patients. This translocation of Nrf2 from
the cytoplasm to the nucleus in PD patients indicates the response to increased
ROS. The Nrf2-downstream gene NQO1 metabolizes dopamine-derived
quinones and is seen to be expressed at higher levels within the SNpc of PD
patients compared to healthy controls (Paladino et al. 2018; van Muiswinkel et al.
2004). In addition, overexpressed NQOI1 protects cells against dopamine-
mediated mitochondrial damage in vitro and reduces MPTP toxicity in vivo
(Jazwa et al. 2011). Another Nrf2-transcribed antioxidant HO-1 is also expressed
at higher levels in PD patient blood sera in comparison to healthy control (Flier
et al. 2002).
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7 Cell-Based Treatment Strategy to Target Astrocyte
Regeneration and Replacement

Astroglia transplantation is considered a targeted therapy due to the survival of
engrafted astroglial cells in pathological conditions. Astrocytes can be generated
from different types of cells such as ESCs, iPSCs, MSCs, and DPSCs.

1. ESCs represent an ideal pluripotent source for deriving human astrocytes (Fig. 4).
Astrocytes have been generated from ESCs by various groups (Krencik et al.
2011). Krencik et al. (2011) have come up with a robust protocol for generating
immature astrocytes with high efficiency from hPSCs. The protocol involves
three steps—the differentiation of hESCs to neuroepithelial cells (days 0-21),
generation of astroglial subtypes by regular dissociation of the neuroepithelial
clusters in suspension (days 21-90), and amplification of astroglial progenitors or
differentiation into functional astrocytes (days >90). The advantages of this
protocol include the lack of immune cells such as microglia, and the generation
of astrocytes with specific regional and functional characteristics (Krencik et al.
2011). Similarly, Izrael et al. (2007) have developed an original and promising
cell therapy approach to ALS using hES-AS. While ESCs serve as the best
candidates for the generation of functional astrocytes, certain serious
shortcomings such as ethical constraints, potential teratogenicity of these cells,
time-consuming protocols (>180 days in culture), and the difficultly of scaling up
have shifted the focus to adult stem cells such as MSCs.

2. iPSCs are obtained by genetic reprogramming of adult cells and have
characteristics close to ESCs. iPSCs can be an effective alternative for ESCs
providing an inexhaustible supply of astrocytes. Astrocytes have been success-
fully generated by different groups from iPSCs (Perriot et al. 2018; Tyzack et al.
2016). Perriot et al. (2018) developed a serum-free, high output, shorter-duration
protocol to differentiate hiPSCs into astrocytes. The protocol involves inducing
the neutralization of hiPSCs into NSCs using dual SMAD signaling inhibition
(SB431542 with Noggin), followed by the treatment of cells with leukemia
inhibitory factor (Iliff and Nedergaard 2013), and EGF to switch towards glial
cell differentiation by activation of the JAK-STAT pathway. This protocol results
in a high proliferative population of astrocyte-committed GPCs in 14 days
yielding potentially more than one billion GPCs from two to three million
hiPSCs. Moreover, there are commercially available kits used for deriving
astrocytes from iPSCs, like the Axol’s Human iPSC-derived Astrocyte Kits that
include cryopreserved cells, optimized media, and supplements.

3. MSC-derived astrocytes secrete various NFs and cytokines, have immunomodu-
latory, anti-apoptotic, and anti-inflammatory effects and modulate reactivity/
phenotype of astrocytes and the microglia, thereby promoting neuroregeneration,
making them an ideal candidate for astrocyte derivation (Fig. 5). Stroomza et al.
(2009) successfully differentiated BM-MSCs to astrocytes and successfully
showed their impact on a PD model. Quantitative analysis of these astrocyte-
like cells yielded significant amounts of GDNF, NGF, and BDNF as measured by
real-time polymerase chain reaction, ELISA, and western blot analyses. In vivo
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Fig. 5 MSCs and DPSCs in their naive and differentiated astrocyte form have the capacity of
promoting neuro-regeneration. (Figure was prepared using BioRender (https://biorender.com/)

studies with transplantation of BM-MSC-derived astrocytes into the striatum of
6-OHDA-lesioned rats in a PD model showed a reduction in the apomorphine-
induced contralateral rotations, as well as behavioral improvement. Histological
analysis revealed that the engrafted astrocytes survived, expressed astrocytes and
human markers, and helped to regenerate the damaged DA nerve terminal system.
Thus, suggesting that MSCs can render neuroprotection to DA neurons under
stress.

4. DPSCs are another potential source of cells used for neurodegenerative diseases
because they originate from neural crest cells (Janebodin et al. 2011) and share a
common origin with peripheral nerve glial progenitor cells (Kaukua et al. 2014).
There are minimal ethical concerns involved with dental pulp-derived MSCs
compared to MSCs collected from bone marrow or adipose tissue (Caseiro
et al. 2016; Seo et al. 2004). It is possible for DPSCs to differentiate into
neuron-like cells and secrete NFs such as NT, BDNF, NGF, VEGF, and GDNF
at remarkably higher levels compared to MSCs derived from bone marrow and
adipose tissue (Mead et al. 2014), which play pivotal roles in neuroprotection and
neuritogenesis (Fig. 5) (Xiao and Le 2016). DPSCs also express receptor EP2 at a
higher level compared to both BM-MSCs and AMSCs, which has an important
role in the release and synthesis of NTs (Duarte et al. 2012). There is compelling
evidence that compared to other MSCs, DPSCs display higher neuroprotective
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Fig. 6 Exosomes of MSCs and healthy astrocytes carry a cargo of multiple factors which has the
potential for neuro-repair. (Figure was prepared using BioRender (https://biorender.com/))

and neurotrophic properties in reaction to injuries and pathologies of the nervous
system (Li et al. 2017). DPSCs are non-tumorigenic and share similar immuno-
modulatory properties, mesenchymal surface marker profile, and trilineage dif-
ferentiation potential with BM-MSCs. There are fewer ethical concerns for tissue
extraction, higher proliferation rate, and single CFU-F than BM-MSCs, making it
an attractive alternative source for astrocyte differentiation (Heng et al. 2016). In
vitro induction of DPSCs to astrocytes with differentiation, factors showed a
definitive increase in astrocyte-specific markers GFAP and EAAT?2 along with
glial calcium-binding protein S100p through flow cytometry and IF assays
(Ganapathy et al. 2019). A significant increase in BDNF and GDNF expression
and secretion in astrocyte-differentiated DPSCs was reported over naive DPSCs
and these cells were capable of protecting DA neurons from 6-OHDA stress.

5. Exosomes derived from healthy astrocytes, MSCs and DPSCs. Exosomes are
naturally occurring nano-sized vesicles deliminated by a phospholipid bilayer,
typically ranging between 30 and 100 nm in size, which is released from the
endocytic compartment of live cells. They are packed with necessary
neurotrophic factors secreted by their parent-cells and can also be ideal delivery
vehicles as they are proven to cross BBB, unlike cells from which they originate
(Fig. 6) (Perets et al. 2018; Wu et al. 2017). These nanoscale lipid bilayer
exosomes carry lipids, mRNA, miRNA, and proteins derived from the parental
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cell and transfer them to recipient cells to exert function (Théry et al. 2002).
Exosomes can overcome key limitations of cell therapy with the potential
advantages of being stable, biocompatible, having reduced clearance rate, mini-
mal long-term accumulation in any organ or tissue with concomitant low sys-
temic toxicity, and with the ability to cross the blood-brain barrier easily (van der
Pol et al. 2012). They also have the possibility of delivery through the intranasal
route due to their smaller size and good immune tolerance (Aminzadeh et al.
2017; De et al. 2017).

It is possible to use exosomes derived from astrocytes as an alternative to
astrocyte cell therapy to induce transcriptomic and phenotypic changes required
for neuroregeneration (Ibrahim and Marban 2016). Exosome miRNA content is
specific for the parental cell and the cell condition (e.g., hypoxia, inflammation)
(Agnieszka et al. 2016). While blood-delivered exosomes usually accumulate in
the liver, kidney, and spleen, they may have targeted specific organs through the
presence of different cell-binding receptor proteins or integrins on their surface
(Liu and Su 2019). Previous studies have shown that exosomes from cultured
astrocytes could contact co-cultured neurons to promote neurite outgrowth of
neighboring neurons and/or neuronal survival (Hira et al. 2018; Janas et al. 2016;
Pei et al. 2019; Xu et al. 2019).

Increasingly exosomes from MSCs and DPSCs are gaining prominence in
cell-based therapy because they exhibit low-immunogenicity, higher-biocompat-
ibility, and minimum-toxicity. In addition, DPSC-exosomes display similar
neuromodulatory and neuroprotective mechanisms as DPSCs themselves
(Jarmalaviciute et al. 2015). Further, unlike nanoparticles, exosomes can avoid
the MPS to deliver cargo and do not get destroyed (Hall et al. 2016). Two groups
have explored the effect of exosomes on the Parkinson’s disease model. Elena-
Batrakova’s group (Haney et al. 2015; Zhao et al. 2014) have used exosomes
derived from bone-marrow BM-MSCs and genetically modified macrophages for
delivery of catalase and GDNF, respectively, in PD-model, while Kojima et al.
(2018) have reported the intracerebral delivery of designer exosomes produced by
implanted cells as therapeutic cargo for PD treatment (Kojima et al. 2018). The
beneficial effects of exosomes have been reported for behavioral motor function
parameters and IHC data has been used to detect the presence of exosomes in the
midbrain of animal model. If cell-based therapeutic effects can be mimicked by
the exosomes, then it is a boon because the use of MSC-exosomes can avoid the
challenges of MSC transplantation like maintenance of biological activity, quan-
tification of bioactive substances, and logistics of delivery of MSCs in clinical
therapies. Moreover, a cell-free exosomal system for delivery of miRNA or
antioxidants can act as a feasible therapeutic means for reaching the midbrain
through the intranasal route.
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8 Conclusions

Glial cells were initially assumed to serve as support tissue in the brain, with no
active contribution to information processing in the CNS. However, brain research
over the past few decades has established the active role of glial cells in neurodegen-
erative diseases such as PD. Issues ranging from the presence of a-synuclein
immunoreactive inclusions in astrocytes of PD patient brains, to the expression of
genes with causative relevance to PD in astrocytes and the eventual effect on
astrocyte function, have been discussed in detail in this chapter. Astrocytes are
multifunctional and form the appropriate niche for DA neurons, contributing to the
survival and maintenance of neuronal health, ion buffering, neurotransmitter
recycling, and regulation of the blood-brain barrier. Further, the complex role of
astrocytes is influenced by region specificity and the number of astrocytes, which
affect the survival of DA neurons. Understanding these niche cells is also of prime
importance for designing approaches for prophylactic and regenerative strategies
through derivation of exogenous niche cells from patient-specific iPSCs or mesen-
chymal stromal cells. Here, we have reviewed the potential protective and deleteri-
ous effects of astrocytes in the SNpc of PD and explored how recent developments
can in turn impact our understanding of the pathophysiology of PD and its treatment.
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Abstract

Major depressive disorder is a debilitating psychiatric condition that affects
millions of people worldwide. Until recently, the neuronal component(s) of the
brain was considered to be major players in the pathophysiology of depression.
Recent advancements in Neuroscience research has suggested the involvement of
glila cells in the biology of depression. Glial cell morphology, density, and glial
markers were found to be altered in the brain of both, depressed subjects and
preclinical models of depression. Moreover, perturbed neuron-glial communica-
tion in depressed subjects reveals a critical role of neurotransmitter cycling in the
progression of the disease. Many ongoing studies are focused on uncovering the
therapeutic potential of glial cells’ manipulation in the treatment of depression. In
this chapter, we have focused not only on the importance of glial cells in the
efficient functioning of the brain but also on how neurons and glial cells commu-
nicate with each other and how their involvement could facilitate the progression
of MDD. In addition, we have also reviewed the advancements in biophysical
techniques like nuclear magnetic resonance (NMR) and positron emission tomog-
raphy (PET) that are presently used to study different aspects of neuroenergetics.
We conclude by proposing that further in-depth glia-centric studies pertaining to
depression and associated psychiatric conditions would be radical for developing
more efficient therapeutic strategies.
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1 Introduction

The human brain is composed of billions of cells among which only neurons have
the capacity to generate an electrical impulse (Azevedo et al. 2009). The rest of the
cells are broadly called glia. Based on the distinct morphology and physiology, these
cells are further categorized majorly in astrocytes, oligodendrocytes, microglia,
ependymal cells in the central nervous system, and Schwann cells and satellite
cells in the peripheral nervous system. Astrocytes, commonly known as astroglia,
represent the most prevailing subtype of glial cells in the brain. For a long time, the
main role of glia was thought to support the neurons. However, recent studies have
established several roles of glia in regulating brain functions. These functions
include the formation of the blood-brain barrier by supporting endothelial cells
(Alvarez et al. 2013), regulation of blood flow during enhanced neuronal activity,
bidirectional communications with neurons in regulating synaptogenesis,
myelination (Nave 2010), neurotransmission, provision of substrates for neuronal
energy metabolism (Pellerin et al. 1998), and maintenance of extracellular ion
homeostasis (Simard and Nedergaard 2004).

The current understanding of functional and spatial relationship of astrocytes to
neurons has led to the tripartite concept of the synaptic cleft. A single protoplasmic
astrocyte can make astrocytic projections to many synapses, which are useful in the
regulation of synaptic activity. In addition, astrocytes express the receptors for
neurotransmitters and exercise tight control over the levels of neurotransmitters
like GABA, glutamate, p-serine, and ATP in the synapse. Astrocytes actively clear
neurotransmitters secreted by neurons from the synaptic cleft and recycle them back
to neurons via glutamate-glutamine cycle. Besides this bidirectional communication
with neurons, astrocyte also communicates with a subset of neighboring astrocyte
networks. Moreover, recent studies have revealed novel, sophisticated, and more
interesting role of astrocytes in complex brain functions like in memory and
cognition.

Overall, there has been a major shift from a neuro-centric view of the brain to an
equal appreciation for the importance of astrocytes and other nonneuronal cells.
Considering the heterogeneity in the structure and function of astroglia, it is not
surprising that these cells have been implicated in several neurological and
neuropsychiatric conditions. Disruption of neuron-glia communication is involved
in various psychiatric and neurodegenerative disorders including schizophrenia
(Dietz et al. 2020), bipolar disorder (Keshavarz 2017), major depressive disorder
(Czeh and Nagy 2018), and Alzheimer’s disease (Patel et al. 2018; Soni et al. 2021).
In this chapter, we describe evidence in support of abnormality in glial function in
depression including altered neuronal and astroglial metabolic activity and pharma-
cological approaches targeting astroglial dynamics to improve neuronal functions.
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1.1 Major Depressive Disorders

Major depressive disorder (MDD) is characterized by low mood, diminished interest
in pleasurable activities, and/or suicidal ideation. It is one of the leading causes of
distress and disability around the world (World Health Organization 2017). There
are more than 300 million cases of depression worldwide (GBD 2016 Disease and
Injury Incidence and Prevalence Collaborators 2018). Despite decades of research,
the pathophysiology of depression is not very clear yet. Numerous neuroimaging
and postmortem reports have shown neuronal and astroglial atrophy in the prefrontal
cortex (PFC) (Duman et al. 2016), anterior cingulate cortex (ACC), and hippocam-
pus (HPC) (Elbejjani et al. 2015; Kim et al. 2018) of depressed subjects (Kempton
et al. 2011; Schmaal et al. 2020). Several genetic factors (Howard et al. 2019),
epigenetic changes such as histone acetylation or DNA methylation (Park et al.
2019), endocrine pathways such as elevated activity of hypothalamic-pituitary-
adrenal (HPA) axis (Juruena et al. 2018), increased level of glucocorticoids, and
decrease in the level of brain-derived neurotrophic factor (BDNF) in the prefrontal
cortex and hippocampus of depressed subjects (Mondal and Fatima 2019) are
implicated in the biology of the disorder.

The most prevalent hypothesis for depression posits that the depletion of mono-
amine neurotransmitters in synapse (Harmer et al. 2017; Perez-Caballero et al.
2019). Hence most of the antidepressant drugs are targeted to modulate the levels
of these neurotransmitters. Recent studies in animal models and human subjects
have shown abnormalities in glutamatergic and GABAergic systems with the path-
ophysiology of depression. Reduced expression of glutamate and GABA receptor
subunits in different brain regions, altered neurotransmitter levels, impaired neuro-
transmission, and neurotransmitter cycling are reported in the literature (Lener et al.
2017). It is now becoming more evident that disruption of neuron-glia communica-
tion plays an important role in the etiology of depression (Abdallah et al. 2014;
Duman et al. 2019; Mishra et al. 2020).

2 Glial Contributions to Neural Functions

Glial cells are the nonneuronal cells in the central nervous system (CNS) and
peripheral nervous system (PNS) that do not communicate with electrical impulses
(Fields et al. 2014). Astrocytes are broadly divided into two major groups: proto-
plasmic astrocytes in grey matter (present around neuronal cell bodies and synapses)
and fibrous astrocytes in white matter (mostly localized to axons) (Kohler et al.
2021). It is envisioned that protoplasmic astrocytes differ in various regions of the
brain. The spatiotemporal regulation of astrocyte development results in astrocytic
heterogeneity in structure and function. The major functions of astroglia are
described in subsequent sections.
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2.1 Astrocytes as an Integral Part of the Neurovascular Unit
and Synapse

Astrocytes regulate local blood flow for the supply of metabolic substrates and
oxygen which support the energy requirement of neurons during intense neuronal
activity via the release of vasoactive substances (Filosa et al. 2016). Individual
astrocytes bidirectionally communicate with neurons and may ensheath thousands
of synapses formed between many different neurons. This close spatial relationship
and synaptic localization of astrocytes are vital for the regulation of synaptic
transmission. In addition, astrocytes express receptors of numerous
neurotransmitters, secrete a few of the gliotransmitters, and exercise tight control
over the levels of neurotransmitters like GABA, glutamate, p-serine, and ATP in the
synaptic space (Rothstein et al. 1994, 1996; Volterra and Meldolesi 2005). As such,
astrocytes play a crucial role in neurotransmitter recycling via the glutamate-
glutamine and GABA-glutamine cycle (described in Sect. 4.2 Neurotransmitter
Cycling).

2.2 Astrocytes Contribute to Synapse Formation and Refinement

Astrocytes directly contribute to neurotransmission and at times prevent
excitotoxicity in neurons. They also have been shown to contribute to synapse
formation via secretion of extracellular factors like thrombospondins which have
been demonstrated to promote glutamatergic synapses (Christopherson et al. 2005;
Ullian et al. 2001). Astrocyte-specific gene expression profile has been shown to
augment synapse assembly and continuous synapse refinement in an activity-
dependent manner. For instance, deficits in astrocytic phagocytic pathways like
MEGF10 and MERTK pathways result in attenuated synapses in visual circuits
(Chung et al. 2015).

23 Astrocytes are Important Players in Neurological Disorders

The response of astrocytes to injury or disease is termed astrogliosis. It involves
extensive proliferation of astrocytes that is reflected as elevated expression of GFAP
and enhanced secretion of chondroitin sulfate proteoglycans, laminins, and fibronec-
tin (Yuan and He 2013). Astrogliogenesis results in a glial scar which usually
restricts neuronal injury to a limited area but has also been shown to be a major
impediment in neural repair/axon regeneration post-injury. Increased population of
reactive glia is the most common features in age-associated neurodegenerative
diseases, viz., Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
stroke, amyotrophic lateral sclerosis, multiple sclerosis, and spinal cord injury
(SCI) (Birch et al. 2014; Burda and Sofroniew 2014). Pathological transformation
of astrocytes to cancer cells results in astrocytomas which are often resistant to
standard antitumor therapeutics (Zong et al. 2015).
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3 Techniques to Study Energy Requirement for Neural
Function

There are several approaches to study neural function. These are mostly based on the
energy requirement as well as the action potential of the cells. We will cover the
techniques that are based on the energy requirement of neural cells. These are
described below.

3.1 Positron Emission Tomography (PET)

PET is most commonly used for the measurement of local glucose and oxygen
consumption, and blood flow in tissue. In this approach, '®F-labeled glucose
(2-fluorodeoxyglucose, '*FDG) is used as a radio tracer. Due to absence of the OH
group at second carbon in "®FDG, the phosphorylated 'SFDG (**FDG-6P) does not
isomerize to fructose 6-phosphate and accumulates as '*FDG-6P in the cells. The
positron emitted by '*FDG-6P is monitored by a sophisticated camera to reconstruct
a three-dimensional image of the subject. The PET signal intensity is directly
proportional to local glucose/oxygen consumption in tissue. PET imaging of
microglia has grown over the last two decades due to development of
radiopharmaceuticals specific to several molecular biomarkers of microglial activa-
tion. Many biological targets like 18 kDa translocator protein (TSPO), monoamine
oxidase B (MAO-B), cyclooxygenase-1 and 2 (COX-1, COX-2), colony-stimulating
factor 1 receptor (CSF1R), and purinergic P2X7 receptor (P2X7R) have been
identified for the diagnosis and therapeutic purpose of neuroinflammation (Meyer
et al. 2020). The commonly used ligands for PET measurements are isoquinoline
carboxamide (''C-PK11195), phenoxyarylacetamide derivatives labeled with
carbon-11 (!'C-PBR28, ''C-DAA1106) or fluorine-18 (‘*F-FEPPA, '*F-PBR06),
imidazopyridines derivatives (''C-CLINME, ''C-DPA713, and '®F-PBR111), and
pyrazolopyrimidines derivatives (18F-DPA-714) (Dupont et al. 2017).

3.2  '3C Nuclear Magnetic Resonance

The brain energy metabolism has been investigated extensively using BC-MRS
together with an administration of '*C-labeled metabolic substrates like glucose,
acetate, and p-hydroxybutyrate (Gruetter et al. 2003; Patel et al. 2005; Sibson et al.
1998). As 3¢ labeling at different carbon positions of glutamate, glutamine, GABA,
and aspartate can be distinguished by '*C-NMR, cell-type specific tricarboxylic acid
(TCA) cycle fluxes and rates of different pathways can be measured by appropriate
modeling of the 13C turnover of neurometabolites (Patel et al. 2005, 2010; Tiwari
et al. 2013).
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Measurement of Neurometabolic Activity

In this approach '*C-labeled glucose is administered intravenously, and kinetics of
13C labeling of brain amino acids at different carbon positions is measured in vivo by
3C-NMR spectroscopy (Gruetter et al. 2003). The metabolism of [1,6—13 C,]glucose
via glycolysis followed by TCA cycle labels glutamate-C4 (Glucy) in glutamatergic
and GABAergic neurons (Fig. 1). In GABAergic neurons, Glucy is decarboxylated
to GABA(; by glutamate decarboxylase (GAD). Glutamine-C4 (Glnc,4) gets labeled
from Gluc4 and GABA(; through substrate cycling such as glutamate-glutamine and
GABA-glutamine commonly known as neurotransmitter cycling. Further metabo-
lism of Gluc4 and GABA(; in the corresponding TCA cycle labels aspartate-C2/C3
(Aspcascs), Glucycs, and GABA3/c4 (Patel et al. 2018). The kinetics of 13C label
incorporation in different amino acids are analyzed using an appropriate model to
determine the rate of glucose oxidation in the glutamatergic, GABAergic neurons,
and rate of neurotransmitter cycling (Gruetter et al. 2003; Patel et al. 2005; Shen
et al. 1999).

Measurement of Astroglial Activity

As acetate is selectively transported in astrocytes, it is used as a substrate to monitor
astroglial metabolic activity. The metabolism of [2-'*CJacetate in the astrocytic TCA
cycle labels Glngy. The labeling of GABA; and Glucy occurs through glutamine-
GABA and glutamine-glutamate cycling between astrocytes and respective neurons
(Fig. 2) (Lebon et al. 2002; Patel et al. 2010; Tiwari et al. 2013). Hence, the kinetics
of label incorporation into these amino acids provide an estimate rates of astrocytic
TCA cycle and neurotransmitter cycling between neurons and astrocytes such as
glutamate-glutamine cycle and GABA-glutamine cycle (Patel et al. 2010; Xin et al.
2010).

4 Brain Energy Metabolism

Although brain contributes only ~2% of total body weight, it utilizes ~20% of the
total oxygen and 25% of glucose utilization, indicating the overwhelming energy
demand of the brain (Sokoloff 1977). Energy budget estimates indicated that most of
the energy utilized by the brain is used to support the processes associated with
glutamate signaling such as postsynaptic glutamate receptors (50%) and action
potential (20%) in the cerebral cortex (Attwell and Laughlin 2001; Howarth et al.
2012). Although glucose is the major energy substrate for the matured brain, mono-
carboxylates such as acetate, p-hydroxybutyrate, and lactate also contribute to a
significant fraction of the brain energy under fasting and other nonphysiological
conditions.
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Fig. 1 Schematic of B¢ labeling of brain amino acids from [1—13C]glucose and [2-'3C]acetate.
Glucose is transported to neurons and astrocytes through GLUT; however, acetate is selectively
transported in astrocytes through MCT. Glucose gets metabolized via glycolysis, and labels
pyruvatecs. Pyruvate dehydrogenase (PDH) complex converts pyruvatec; to acetyl-CoAc, that
subsequently enters in TCA cycle and transfers 13C label to Glucy in all the three compartments.
Glugy gets converted to GABA(; by the action of the GAD enzyme in GABAergic neurons. Glucy
and GABA(; are released into synapses in the response of action potential from glutamatergic and
GABAergic neurons, respectively. These neurotransmitters enter in astrocytes through EAAT2 and
GAT3 transporter, respectively, and subsequently get converted in Glnc4 by enzyme glutamine
synthetase (GS). Gln is sent into the glutamatergic and GABAergic neurons via the members of the
SNAT family of the transporter. Uptake of Gluc,/GABA(; in astrocytes and release of Glnc4 back
to neurons is referred to as glutamate-glutamine and GABA-glutamine neurotransmitter cycling.
Further metabolism of labeled intermediates of TCA cycle transfers label to a-KGco/a-KGcs,
Glucy/Glucs, Glneo/Glnes, and GABA3/GABA4 (labeled in sand color). Abbreviations: a-KGy4
a-ketoglutarate-C4, acetyl-CoA; acetyl co-enzymeA-C2, Asp,,; aspartate-C2/C3, EAAT2 excitatory
amino acid transporter2, GABA, y-aminobutyric acid-C2, GAT3 GABA transporter3, GLUT
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4.1 Metabolic Activity of Neurons

C-NMR studies have indicated that ~70-85% of total energy is produced in the
cerebral cortex by the neuronal mitochondrial TCA cycle and the remaining
(~15-30%) by astroglia (Lebon et al. 2002; Patel et al. 2010). The GABAergic
mitochondrial TCA cycle contributes to ~20% of the total neuronal TCA cycle in
rats (Patel et al. 2005) and mice cerebral cortex (Tiwari et al. 2013). Moreover, these
measurements have shown that rates of neurotransmitter cycling and oxidative
glucose metabolism in neurons are stoichiometrically (1:1) coupled (Patel et al.
2004; Sibson et al. 1998) indicating neurotransmitter energetics is supported by
oxidative glucose metabolism (Hyder et al. 2006; Magistretti et al. 1999). Neurons
are incapable of de novo synthesis of glutamine as they lack glutamine synthetase
enzymes. Hence, neurons are dependent on the astroglia to provide the precursor
(glutamine) for the synthesis of glutamate and GABA (Patel et al. 2001). Addition-
ally, astrocytes play an essential regulatory role in both glutamate-glutamine as well
as GABA-glutamine neurotransmitter cycle (Bak et al. 2006; Benjamin and Quastel
1974).

4.2 Neurotransmitter Cycling

The cerebral TCA cycle is majorly responsible for the generation of energy and
neurotransmitters glutamate and GABA in the brain. a-Ketoglutarate, a TCA cycle
intermediate, acts as a precursor for glutamate (Hertz et al. 1999; Mason et al. 1995).
Amino acid transaminase is responsible for the conversion of a-ketoglutarate to
glutamate, and glutamate dehydrogenase regulates the reverse transformation. In
response to an action potential, the glutamatergic neurons release glutamate into the
synaptic cleft. After transmission of action potential to presynaptic neurons, neuro-
transmitter glutamate is taken up by astrocytes via excitatory amino acid transporters
(EAAT, ). Astrocyte specific ATP-dependent glutamine synthetase (GS) regulates
the transformation of glutamate to glutamine, which is transported to neurons via
glutamine transporters (SNATSs) (Edwards 2007). Glutamine is hydrolyzed to gluta-
mate via phosphate-activated glutaminase (PAG) and repackaged into vesicles for
the next release. This process is referred to as glutamate-glutamine neurotransmitter
cycling (Bak et al. 2006; Chowdhury et al. 2007).

Fig. 1 (continued) glucose transporter, Glu, glutamate-C4, Gln, glutamine-C4, GAD glutamate
decarboxylase, GS glutamine synthetase, MCT monocarboxylic acid transporter, OAA;;
oxaloacetate-C2/C3, PAG phosphate activated glutaminase, PDH pyruvate dehydrogenase, SNAT
sodium-coupled neutral amino acid transporter, Vey.Gapa — i) GABA-glutamine cycling flux, V.
(Gim-Gaa) glutamine-GABA cycling flux, VeyeGu-gm) glutamate-glutamine cycling flux, V.
(Gin-GIuy glutamine-glutamate cycling flux, Vg4p glutamate decarboxylase flux, V, flux of exchange
between a-ketoglutarate-C4 and glutamate-C4, V, exchange rate between oxaloacetate-C2/C3 and
aspartate-C2/C3
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Fig. 2 '>C NMR spectrum from the cerebral cortex of mouse infused with A. [1-'*C]Glucose and
B. [2—]3C]Aacetate. Mice were infused with '>C-labeled substrate for 90 min. Metabolites were
extracted from the cerebral cortex, and lH-decoupled 3C NMR spectrum was recorded at
150 MHz. As glucose is a physiological substrate for the brain, the incorporation of '*C label
into amino acids from [1-'3C]glucose is higher than with [2-'3C]Jacetate. Moreover, the intensity
ratio of Glnc4/Glucy is relatively more in mice infused with [2-13C)acetate than [1—13C]glucose,
further confirms the astroglial-specific utilization of acetate. Abbreviations: Aspcs aspartate-C3,
GABA ; y-aminobutyric acid-C2, GABA c; y-aminobutyric acid-C3, GABA 4 y-aminobutyric acid-
C4, Gluc, glutamate-C2, Gluc; glutamate-C3, Gluc, glutamate-C4, Gine, glutamine-C2, Glnes
glutamine-C3, Glnc, glutamine-C4, -Glcc; B-p-glucose-Cl, a-Glce; a-p-glucose-Cl, Laccs lac-
tate-C3

Similarly, the substrate cycle involving GABA and glutamine (GABA-
glutamine) occurs between GABAergic neurons and astrocytes (Bak et al. 2006).
In this cycle, the released GABA into the synapse is taken up majorly by astrocytes
via GABA transporters (GAT), wherein it gets converted to succinate via subsequent
actions of GABA transaminase (GABA-T) and succinic semi-aldehyde dehydroge-
nase (SSADH), and ultimately converted to glutamine through TCA cycles (Patel
et al. 2005). The glutamine thus formed is further transported to GAB Aergic neurons
and converted to GABA by the successive action of glutaminase and glutamate
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decarboxylase (GAD) (Patel et al. 2005; Tiwari et al. 2013). GAD exists in two
isoforms in the CNS of mammals, GAD65 and GAD67. GADG65 is majorly enriched
in nerve terminals and contributes to ~70% of total GAD protein while GAD67 is
less abundant and distributed throughout the GABAergic neurons. GAD6S5 is
believed to be involved in vesicular GABA synthesis and responsible for producing
GABA in an activity-dependent manner, while GAD67 regulates GABA synthesis
under normal brain activity (Soghomonian and Martin 1998).

5 Neuronal Metabolic Activity in Depression

N-Acetyl aspartate (NAA) is one of the strongest signals in 'H-MRS, is exclusively
localized in neurons, and is believed to reflect neuronal integrity and mitochondrial
health (Paslakis et al. 2014). Reduced level of NAA has been reported in different
brain regions including PFC (Jollant et al. 2016), ACC (Jarnum et al. 2011; Lewis
et al. 2020), right frontal and parietal lobe (Kahl et al. 2020), and hippocampus
(de Diego-Adelino et al. 2013) of depressed subjects. A lower level of NAA has also
been reported in the hippocampus, nucleus accumbens (Cherix et al. 2020), and PFC
(Mishra et al. 2018; Veeraiah et al. 2014) of CSDS and CUMS mouse models of
depression. Reduced levels of NAA along with attenuated glutamate suggest a
decrease in the viability of glutamatergic neurons and impairment of axon-myelin
integrity in depression.

Availability of brain mitochondrial energetics related literature is limited for
depression. A recent '®F-fluoro-p-glucose positron emission tomography
(FDG-PET) report showed decreased glucose metabolism in the left and right medial
frontal gyri of the depressed subjects (Saito et al. 2017). '*C MRS measurement
along with an intravenous infusion of [1-'*C]glucose was performed to determine
the impact of depression on neurotransmitter energetics in the occipital cortex of
depressed subjects. The result from the study suggests that oxidative energy produc-
tion from Glutamatergic neurons was decreased by 26% in depressed individuals
(Abdallah et al. 2014). Another recent report using 'H-['*C]-nuclear magnetic
resonance spectroscopy together with an infusion of [1,6-">C,]glucose showed a
reduced rate of glucose oxidation in glutamatergic and GABAergic neurons in the
prefrontal cortex (PFC) of CSDS (Veeraiah et al. 2014; Mishra et al. 2018) and
CUMS mice (Mishra et al. 2020). More specifically, it was found that the rate of
TCA cycle of glutamatergic and GABAergic neurons was decreased by 40% and
20%, respectively, in CUMS mice (Mishra et al. 2020). These reductions in
neurometabolic flux lead to a large reduction in the rate of neuronal ATP synthesis.

6 Neuron-Glia Communication in Depression

Glutamine is mainly produced in glia from the reuptake of synaptic glutamate. It acts
as a precursor for neurotransmitters, glutamate, and GABA and is involved in the
substrate cycle glutamate-glutamine and GABA-glutamine (Patel et al. 2001). A
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meta-analysis of MRS results of 16 studies has suggested a reduced level of
glutamate or glutamate plus glutamine (Glx) in ACC and PFC of MDD patients
(Luykx et al. 2012). It is thought that glutamatergic neurometabolic activity is
decreased in depressed subjects (Arnone et al. 2015; Sarawagi et al. 2021). Addi-
tionally, it is suggested that alteration in astroglial pathology affects neurotransmis-
sion due to reduced expressions of glutamate and GABA transporter genes in
depression models in cortical and subcortical regions of the brain. Decreased level
of EAAT?2 is reported in the hippocampus (Zhu et al. 2017) and PFC (Veeraiah et al.
2014) using the chronic unpredictable mild stress (CUMS) and chronic social defeat
stress (CSDS) models of depression, respectively. Similarly, a reduced level of
EAAT2 is also seen in the hippocampus in the learned helplessness model of
depression (Zink et al. 2010). Moreover, decreased mRNA expression of glutamine
synthetase (GS) is reported in several brain regions including PFC, ACC, dIPFC
(Choudary et al. 2005), and locus coeruleus (Bernard et al. 2011). A decrease in the
expression of GS enzyme points towards the compromised glial function potentially
reduced neurotransmitter cycling. The reduced expression of EAAT2 suggests a
decreased glutamate uptake capacity of astroglia that may lead to glutamate
excitotoxicity in depression. In a recent study using CUMS model of depression,
we have shown reduced rate of glutamate-glutamine cycling in the PFC of mice
exhibiting depression-like phenotype (Mishra et al. 2020). Additionally, excitatory
and inhibitory synaptic transmissions were reduced by ~40% in these mice. The
evidence for reduced synaptic transmission in depression was further corroborated
by reverse labeling (astrocytes to neurons) experiment using [2-'*Clacetate that
shows decreased '°C labeling of GABA(,, Glucy, and Glngy in CUMS mice
(Mishra et al. 2020). Most importantly, CUMS mice showed a reduction in '*C-ace-
tate metabolism which reflects the disrupted glial metabolic activity.

7 Glial Pathology in Major Depressive Disorder

Reduced astroglial densities have been reported in the postmortem studies of
depressed patients (Cotter et al. 2001). The involvement of glia in the pathophysiol-
ogy of depression has been studied by the use of glial specific markers such as
GFAP, connexins, aquaporind (AQP4), vimentin, and various glutamate and GABA
transporters. The density of each marker was determined using the immunohisto-
chemical approach in formalin/paraformaldehyde fixed tissue blocks using specific
antibodies (Miguel-Hidalgo et al. 2018; O’Leary et al. 2021; Rajkowska et al. 2013).

7.1 Astrocytic Pathology in MDD

Immunohistochemical Findings

Several studies have reported decreased glial density based on the GFAP expression
in the dorsolateral prefrontal cortex (dIPFC) (Miguel-Hidalgo et al. 2000), ventro-
medial PFC (vmPFC) (Rajkowska et al. 2013), orbitofrontal cortex (OFC) (Miguel-
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Hidalgo et al. 2010), ACC (Gittins and Harrison 2011), amygdala (Altshuler et al.
2010) and hippocampus (Cobb et al. 2016; Muller et al. 2001). Similar to GFAP,
vimentin (VIM) is strongly expressed in cerebral astrocytes and is observed to follow
a trend of decrease in astrocyte density in the gray and white matter of the
dorsomedial PFC (O’Leary et al. 2021). Moreover, reduced glial density is reported
based on the connexin-30 and connexin-43 expression in the pre-limbic cortex and
OFC of a rat model of depression (Miguel-Hidalgo et al. 2018) as well as in the
postmortem brain tissues of the depressed subjects (Fig. 3) (Miguel-Hidalgo et al.
2014). Additionally, glial density measured by the expression of AQP4 is found to
be decreased in the PFC of depressed subjects (Table 1) (Rajkowska et al. 2013).

Studies Involving mRNA and Protein Level

GFAP protein has been found to be decreased in the OFC (Miguel-Hidalgo et al.
2010), frontal cortex (Johnston-Wilson et al. 2000), dIPFC (Si et al. 2004) and lateral
cerebellum (Fatemi et al. 2004) in the postmortem brain of depressed subjects.
Reduced GFAP mRNA expression in the PFC has also been reported in VPFC of
depressed subjects (Rajkowska et al. 2018) as well as in the chronic unpredictable
stress (CUS) model of depression (Banasr et al. 2010). Moreover, GFAP was found
to be downregulated in both mRNA and protein levels in the pontine locus coeruleus
(PLC) region of the brain in depressed subjects (Chandley et al. 2013). Similarly,
protein levels of connexin43 were found to be downregulated in OFC of depressed
subjects (Miguel-Hidalgo et al. 2014) and in the PFC and hippocampus of rat and
mice brain, respectively (Huang et al. 2019; Sun et al. 2012). Moreover, the levels of
connexin30 and connexin43 mRNA were reported to be decreased in the motor
cortex, visual cortex, medio-dorsal thalamus and caudate nucleus. Interestingly, the
connexin30 mRNA level was reported as upregulated in the cerebellum (Table 2)
(Nagy et al. 2017).

A decrease in the expression and density of immunoreactive GFAP suggests a
lack of reactive astrocytes and loss of astrocytes in MDD (Kim et al. 2018; O’Leary
and Mechawar 2021). Evidence from different postmortem studies suggest a
decrease in the communication of astrocytes with other cell types in MDD. More-
over, the downregulation of AQP4 and connexin proteins in depression suggests
decreased vascular contacts and fewer gap junctions involving glial cells. Hence,
astrocytes pathophysiology is a hallmark of major depressive disorder.

7.2 Oligodendrocyte Pathology in MDD

Oligodendrocyte (OL) ensheaths unmyelinated fibers, thereby isolating different
neuronal pathways (Rajkowska and Miguel-Hidalgo 2007; Zhou et al. 2021). A
decreased OL density has been reported in layer VI in PFC (Uranova et al. 2004).
This points to the atrophy of pyramidal neurons in layer VI. Reduced myelination in
the medial PFC along with downregulation of myelin related genes, myelin oligo-
dendrocyte glycoprotein, ermin, and myelin basic protein has been reported in the
CSDS mouse model of depression (Fig. 3) (Lehmann et al. 2017). Additionally, a
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Fig. 3 Neuroglial pathology in major depressive disorder. Elevated activity of the HPA axis results
in increased levels of corticosterone in blood and CSF. Increased level of cortisol along with a high
level of peripheral inflammatory cytokines such as IL-1p, TNF-a and IL-6 leads to the activation of
microglia cells (increased expression of TSPO in PET studies). Activated microglial cells accom-
pany to increase in levels of proinflammatory cytokines that leads to activation of IDO enzyme, and
diverts tryptophan digestion to kynurenine pathway. This leads to an accumulation of QUIN and
NAD™ thereby oxidative stress and neurotoxicity. QUIN acts as an NMDA receptor agonist and
binds with NMDA receptors located on the presynaptic membrane, leading to increased glutamate
release. Moreover, GABAergic interneurons lose their control (decrease level of GABA) over the
glutamatergic neurons that results in excessive glutamate release. Glial cells lose their integrity and
morphology as shown in decreased levels of GFAP, VIM, and loss of astroglial end feet (decreased
expression of aquaporin-4) and connection (decreased level of Connexin30/43) with surrounding
glial cells. The expression of excitatory amino acid transporter (EAAT1/2) also goes down, leading
to decreased glutamate uptake from the synaptic cleft. The increased glutamate level in the synaptic
cleft leads to over activation of intrasynaptic ionotropic receptors including a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-p-aspartate receptors (NMDA) that may
potentially lead to excitotoxicity. Additionally, spillover glutamate also binds with extra-synaptic
NMDA receptors that suppresses BDNF-TrkB pathway and results in decreased synaptogenesis.
Moreover, inflammatory cytokines induce apoptosis in oligodendrocytes resulting in demyelin-
ation. Additionally, the rates of astroglial, glutamatergic, and GABAergic neuronal TCA cycle are
reported to be down in depression. Moreover, the reduced rates of neurotransmitter cycling
involving glutamate-glutamine and GABA-glutamine are reported in the pathology of depression.
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Table 1 Morphometric analysis of astrocyte biomarkers in major depressive disorder

Control/ Brain
SN | Subject MDD Marker region Density | Study
1. Human 10/10 GFAP CN 1 O’Leary et al. (2021)
GFAP MDT I
VIM DMPFC l
2. Rats 6/6 CX-43, PC, OFC l Miguel-Hidalgo et al.
CX-30 (2018)
3. Human, 8/8,10/10 GFAP VPFC l Rajkowska et al.
rats (2018)
4. Human 17/17 GFAP HPC 1 Cobb et al. (2016)
5. Human 20/36 CX-43 OFC NS Miguel-Hidalgo et al.
(2014)
6. Human 13/13 AQP4 PFC l Rajkowska et al.
(2013)
7. Human 917 GFAP ACC l Gittins and Harrison
(2011)
8. Human 14/11 GFAP Amygdala || Altshuler et al. (2010)
9. Human 13/23 GFAP OFC 1 Miguel-Hidalgo et al.
(2010)
10. | Human 19/20 GFAP PLC | Chandley et al. (2013)
11. | Human 16/15 GFAP HPC 1 Muller et al. (2001)
12. | Human 15/14 GFAP DLPFC l Miguel-Hidalgo et al.
(2000)

Abbreviations: ACC anterior cingulate cortex, AQP4 aquaporin-4, CX-30 connexin-30, CX-43
connexin-43, CN caudate nucleus, DMPFC dorsomedial prefrontal cortex, DLPFC dorsolateral
prefrontal cortex, GFAP glial fibrillary acidic protein, HPC hippocampus, MDT mediodorsal
thalamus, NS not significant, OFC orbitofrontal cortex, PFC prefrontal cortex, PC prelimbic cortex,
PLC pontine locus coeruleus, VPFC ventral prefrontal cortex, VIM vimentin

decrease in total volume and length of myelinated nerve fiber has been reported in
the CUS model of rats (Gao et al. 2017). These arguments point towards a possibility
of loss in glial population in depression.

Fig. 3 (continued) Abbreviations: AMPA-R a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor, BDNF brain-derived neurotrophic factor, EAAT excitatory amino acid transporter,
GAT GABA transporter, GABA4-R ionotropic GABA receptor, GABAg-R metabotropic GABA
receptor, GFAP glial fibrillary acidic protein, /L-1§ interleukin-1beta, /L-6 interleukin-6, IDO
indoleamine 2,3-deoxygenase, mGLU-R metabotropic glutamate receptor, NMDA-R N-methyl p-
aspartate receptor, NAD* nicotinamide adenine dinucleotide, QUIN quinolinic acid, TCA tricarbox-
ylic acid cycle, TNF-a tumor necrosis factor-alpha, 7SPO 18 kDa-translocator protein, VIM
vimentin
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Table 2 Dysregulation in the expression of astrocyte biomarkers at the level of mRNA and protein

in MDD
Control/ Brain
SN | Subject | MDD Marker region mRNA | Protein | Study
1. Mice 14/12 CX-43, mPFC, NA 1 Huang et al.
CX-30 HPC (2019)
2. Human | 8/8 GFAP VPFC l NA Rajkowska
et al. (2018)
3. Human | 22/22 CX-43, MC, VC, 1 NA Nagy et al.
CX-30 CB, CN, (2017)
MDT
4. Human | 20/36 CX-43 OFC NA l Miguel-
Hidalgo et al.
(2014)
5. Human | 19/20 GFAP PLC l l Chandley
et al. (2013)
6. Rats NA CX-43 PFC | | Sun et al.
(2012)
7. Human | 9/12 AQP4, LC 1 NA Bernard et al.
SLC1A2, (2011)
SLC1A3, GS
8. Human | 13/23 GFAP LOFC NA l Miguel-
Hidalgo et al.
(2010)
9. Rats 16/16 GFAP PC 1 NA Banasr et al.
(2010)
10. |Human |13/16 GS PFC l NA Sequeira
et al. (2009)
11. |Human |7/9 SLC1A2, ACC, l NA Choudary
SLC1A3,GS | DLPFC et al. (2005)
12. |Human | 15/15 GFAP Lateral CB | NA l Fatemi et al.
(2004)
13. |Human | 15/15 GFAP DLPFC NA l Si et al.
(2004)
14. | Human | 19/23 GFAP FC NA l Johnston-
Wilson et al.
(2000)

Abbreviations: ACC anterior cingulate cortex, AQP4 aquaporin-4, CX-30 connexin-30, CX-43
connexin-43, CN caudate nucleus, CB cerebellum, DMPFC dorsomedial prefrontal cortex,
DLPFC dorsolateral prefrontal cortex, GFAP glial fibrillary acidic protein, GS glutamine synthe-
tase, F'C frontal cortex, HPC hippocampus, LOFC left orbitofrontal cortex, LC locus coeruleus, MC
motor cortex, MDT mediodorsal thalamus, NA not applicable, OFC orbitofrontal cortex, PFC
prefrontal cortex, PC prelimbic cortex, PLC pontine locus coeruleus, SLCIA solute carrier family
1 member, VPFC ventral prefrontal cortex, VC visual cortex, VIM vimentin

7.3 Neuroinflammation in Major Depressive Disorder

Astrocytes along with other glial cells such as oligodendrocytes and microglia
protect the brain from pathogens, injury, and destructive immune cells from the
periphery. Neuroinflammation is defined as an increase in the level of
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pro-inflammatory molecules, activation of resident microglia, and increase in the
permeability of blood-brain barrier (BBB) (Troubat et al. 2021). Microglial cells are
the immune cells of the CNS and get activated during stress, injury, and pathogen
invasion. The activated microglia release pro-inflammatory molecules such as tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), interleukin-1beta (IL-1), and
recruit other immune cells. Neuroinflammation triggered by stress and other
conditions causes dysregulation in different pathways in MDD such as kynurenine
pathway alteration and HPA axis dysfunction which are explained below.

Dysfunction in Hypothalamus-Pituitary-Adrenal (HPA) Axis

Cortisol released from the HPA axis has several central and peripheral roles in
metabolic, cardiovascular, and central nervous systems (Dedovic et al. 2009). The
dysfunction in HPA axis due to stress and anxiety disrupts the negative feedback
mechanism that leads to excessive release of cortisol (Holsboer 2000). Cortisol binds
to the glucocorticoid receptor (GR) of the hippocampus and regulates its function.
Thus, an impaired GR can lead to HPA axis disruption as shown in transgenic mice
having forebrain-specific disruption of GR (Boyle et al. 2005). The role of GR was
further supported in a pharmacological study involving the administration of
RU486, a GR antagonist that prevents microglial activation in stressed mice (Nair
and Bonneau 2006: 139). These findings suggest a possible link between activation
of microglia and HPA axis dysfunction (Fig. 3).

Dysfunction in Kynurenine Pathway

The kynurenine pathway dominates in the liver and also occurs in CNS where it
synthesizes bioactive compounds. The pro-inflammatory molecules increase the
expression of indoleamine 2,3-dioxygenase 1 (IDO) which catabolizes tryptophan
to kynurenine (KYN). It has two facets: Neuroprotective and Neurotoxic (Colpo
et al. 2019). The neuroprotective pathway is regulated by kynurenine
aminotransferases (KATs), an astrocyte specific enzyme, which converts KYN
into kynurenic acid. It acts as an NMDA receptor antagonist and has an
antidepressant-like action. On the other hand, kynurenine-3-monooxygenase
(KMO), a microglia-specific enzyme produces toxic molecules like quinolinic acid
(an agonist of NMDA receptor) and NAD+ under inflammatory condition, and
contributes to neurotoxicity (Troubat et al. 2021). A preclinical study conducted in
rats following LPS administration has shown an increase in IDO and KMO activity
in the brain suggesting activation of neurotoxic pathway under inflammatory condi-
tion (Connor et al. 2008). This finding was further supported by the finding of lack of
depressive like behavior in KMO ™"~ mice (Parrott et al. 2016). Moreover, a decrease
in the level of kynurenic acid in the amygdala, and an increase in 3-hydroxy-
kynurenine in the striatum of mouse model of depression suggest that stress can
lead to the toxicity in the brain regions involved in depression (Fig. 3) (Laugeray
et al. 2016).
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Microglial Activation

Multiple reports includes an increase in the levels of peripheral cytokines in
depressed subjects (Enache et al. 2019), and an association between central inflam-
mation and depression-like symptoms (Felger et al. 2020; Zhang et al. 2016)
supports the microglial dysregulation hypothesis for MDD etiology. A recent
study measured the total distribution volume of TSPO (a marker for microglial
activation, TSPO-V) using ['®F]-FEPPA PET imaging in MDD subjects. The
TSPO-Vt was found to be elevated in the neocortical gray matter, white matter,
frontal cortex, temporal cortex, and hippocampus in MDD relative to the control
subjects (Li et al. 2018). Similarly, TSPO-Vt was found to be 25% and 15% elevated
in the subgenual prefrontal cortex and ACC, respectively, measured using
""C-.PBR28 in unmedicated MDD subjects (Richards et al. 2018). In addition,
TSPO was found to be robustly upregulated in ACC (67%) and insula (24%) region
of the depressed subjects with suicidal ideation (Holmes et al. 2018). Moreover,
TSPO level increases with the disease progression in unmedicated patients (Fig. 3)
(Setiawan et al. 2018). These findings strongly suggest neuroinflammation, specifi-
cally microglial activation in major depressive episodes.

There are some inconsistencies in the literature, which raises further questions. A
previous report of microglia PET imaging using "'C-PRB28 did not show any
significant difference in TSPO levels in the frontal cortex and gray matter regions
of depressed subjects as compared with healthy controls (Hannestad et al. 2013).
Moreover, the use of TSPO as an indirect measure of microglia activation has been
challenged by a recent report suggesting that elevated TSPO in humans may reflect
the local myeloid cell proliferation or increased recruitment of monocytes rather than
activation of microglia (Owen et al. 2017).

8 Manipulation of Glial Function as a Therapeutic Strategy
for Neuropsychiatric Disorders

Therapeutic interventions for MDD are limited and are often insufficient to resolve
depressive state completely. Therefore, new and effective treatment strategies are
warranted. In pursuit of such novel and more effective treatments for MDD, preclin-
ical studies from the past decade are augmenting the targeting of astrocytes as an
alternative strategy. However, the present understanding of the mechanism of
commonly prescribed pharmacological antidepressants and interventions like deep
brain stimulation (DBS) therapy and electroconvulsive therapy (ECT) on astrocytes
is limited. The following section discusses the modulation of astrocyte activities in
depression.
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8.1 Classical Antidepressants Modulate Astrocytic Activity

Pharmacological management of depression with serotonin specific reuptake
inhibitors (fluoxetine, paroxetine, citalopram, and sertraline) has been demonstrated
to manipulate signaling mechanisms both in neurons and astrocytes (Hertz et al.
2015; Rivera and Butt 2019). Like neurons, astrocytes express various cell surface
receptors including 5-HT2B, 5-HT2A and 5-HT2C receptors. Expression of
5-HT2B receptors has been shown to mediate the effects of SSRIs (Hertz et al.
2012, 2015). Acute fluoxetine treatment induces ERK1/2 phosphorylation in a
5-HT2B receptor-dependent manner in astrocytes (Li et al. 2009). Phosphorylated
ERK1/2 translocates to the nucleus and regulates gene expression. Similarly, the
administration of fluoxetine reverses the effect of chronic mild stress in rodents by
increasing the mRNA levels of both GFAP and SHT2B receptors in astrocytes
(Dong et al. 2015).

Fluoxetine also increases the glio-transmission of ATP via vesicular nucleotide
transporter (VNUT) transporter that results in activation of P2Y11 receptors and
thereby increases BDNF in astrocytes, which promotes synaptic plasticity (Kinoshita
et al. 2018). Given the commonality in all the above studies and the fact that an
increase in BDNF levels produces anxiolytic and antidepressogenic-like effects in
rodents, it becomes imperative that neuron-astroglia interplay is vital for the effec-
tiveness of pharmacological interventions.

8.2 Atypical and Fast-Acting Antidepressants Modulate
Astrocytic Activity

Unlike classical antidepressants, ketamine is a fast-acting antidepressant and is also
effective in the treatment of drug-resistant depression. Ketamine modulates astro-
cytic cAMP signaling that plays important role in astrocyte arborization (Schiweck
et al. 2018). Astrocytes are important for extracellular ion homeostasis. Ketamine is
shown to directly regulate extracellular K™ concentrations in lateral habenula of
rodents in a study involving manipulation of surface availability of inward rectifying
potassium channel (Kir4.1) on astrocyte (Cui et al. 2018).

Riluzole, a neuroprotective agent, used for the treatment of amyotrophic lateral
sclerosis is also act as an antidepressant. It inhibits glutamate release in cultured
neurons and is also shown to upregulate GLT-1 gene expression in cultured
astrocytes. Increased expression of GLT-1 may be facilitating clearance of synaptic
glutamate by astrocytes (Banasr et al. 2010). Besides pharmacological interventions,
transcranial direct current-based interventions like electroconvulsive therapy is used
in treatment of drug resistant subjects. A recent study has shown that electroconvul-
sive therapy increases GFAP expression and induces calcium signaling in astrocytes
(Monai et al. 2016).
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8.3 Epigenetic-Based Potential Antidepressive Molecules

Chromatin modifying agents and epigenetic-based potential therapeutic molecules
have been demonstrated to modulate symptoms in depressive disorders. Most of
these epigenetic-based antidepressants are nonspecific and affect both neurons and
astrocytes. Valproic acid (VPA), a histone deacetylase inhibitor, acts as an antide-
pressant agent (Phiel et al. 2001). VPA treatment in astrocytes has been shown to
increase H4Ac levels at GLT1 promoter which in turn promotes transcriptional
expression of GLT1 (Perisic et al. 2012). The increased GLT1 level in astrocytes
is envisioned to restore glutamine homeostasis. VPA treatment increases H3 acety-
lation and expression of neurotrophic factors like BDNF and GDNF (Wu et al.
2008). It has been proposed that treatments with antidepressants like amitriptyline,
imipramine, and paroxetine ameliorate DNA methylation over the genes implicated
in MDD, probably by reducing DNA methyl-transferase I activity in astrocytes
(Zimmermann et al. 2012).

Chromatin modifying agents are being explored for reprogramming of reactive
astrocytes into functional neurons in other neuropsychiatric disorders. Treatment
with a mixture of chemical VPA, CHIR99021 and RepSox resulted in transcriptional
induction of NeuroG2 and NeuroD1, which in turn reprograms astrocytes to neurons
in the in vitro culture systems (Cheng et al. 2015). These results are promising and
offer vast scope for manipulating resident astrocytes to restore neuronal deficits in
the brain.

8.4 Genetic Manipulation of Astrocytes

Genetic manipulations of specific signaling pathways in astrocytes by gene knockout
approaches are being studied to investigate astrocyte biology in detail. As mentioned
earlier, several astrocyte signaling mechanisms have been implicated in mediating
the normal functioning of the brain and are often perturbed in pathological
conditions like depression. Overexpression of the mas-related gene Al induces
astrocytic Gq signaling, elevates intracellular Ca**, and ameliorates CSDS-induced
depressive symptoms (Cao et al. 2013). Similarly, astrocyte-specific conditional
GLT1 knockout mice exhibited abnormal repetitive behaviors that are relieved by
systemic administration of an NMDA antagonist (Aida et al. 2015). Recently, a
chemogenetic study involving hM3Dq DREADD-mediated enhanced activation of
Gq signaling in the forebrain region during the postnatal period showed a long-
lasting increase in anxiety, despair and schizophrenic-like behavior in adulthood.
These behavioral changes were accompanied by altered glutamatergic and
GABAergic metabolic activity in the cortex and hippocampus of the mice brain
(Pati et al. 2020).
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8.5 Exercise Modulates Astrocytic Function in Depressive
Disorders

Physical activities are known to ameliorate depression-related symptoms. Among
various physical activities, running has been demonstrated to have antidepressant
effects in preclinical studies performed on the rodent model of depression (Li et al.
2021). Exercise-induced changes in astrocyte functions are being actively explored
in normal and pathological conditions. An immunohistochemical study has reported
increased numbers of astrocytes in the cingulate, visual, and motor cortex in rat
performing treadmill exercise (Li et al. 2005). As mentioned earlier, depression
results in astroglial atrophy in the hippocampus (Virmani et al. 2020), and running
exercise has been shown to increase astrocyte numbers in the hippocampus in animal
models of depression (Li et al. 2021).

8.6 Optogenetic-Based Modulation of Astrocytic Functions

Unlike the abovementioned approaches, optogenetics provides an opportunity for
spatiotemporal manipulation of specific cell types in the brain. For optogenetic
manipulation of astrocytes, light-sensitive protein, opsin, is expressed in an
astrocyte-specific manner in the brain. Initially, Gourine’s group applied
optogenetic-based manipulation to astrocytes and demonstrated that light-mediated
stimulation of channelrodopsin2 receptor (ChR2)-expressing astrocyte in the brain
releases ATP along with changes in pH which regulates breathing (Gourine et al.
2010). Similar studies with light-stimulated ChR2-expressing astrocytes in the visual
cortex demonstrated metabotropic glutamate receptor (mGluR1)-dependent
enhanced synaptic transmission in neighboring neurons (Perea et al. 2014). More
recently, manipulation of anterior cingulate with light stimulated channel rhodopsin
was shown to regulate sleep-wake regulation (Yamashita et al. 2014). These studies
demonstrated the manipulation of astrocytes activity in a region-specific manner
could potentially augment neuronal activities. In a recent study, optogenetic stimu-
lation of astrocytes in the basolateral amygdala (BLA) ameliorated anxiety in CUMS
model of depression (Xiao et al. 2020).

9 Limitations

Astrocytes are understudied in comparison to neurons for several reasons. The
limited understanding of astroglial biology, and its functions undermine efforts to
target them for the purpose of effective treatment. In addressing astrocyte functions
in the brain and psychiatric disorders, astrocytes were presumed to be homogenous.
Recent research has established functional diversity in astrocytes and has shown the
presence of functional subsets of astrocytes: five distinct astrocyte subpopulations
with diverse cellular, molecular, and functional properties has been identified in
adult brain (Lin et al. 2017). Only a specific perturbation of astrocytes subpopulation
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is highly enriched in a disease condition. Hence, addressing heterogeneity in
astrocytes has paramount importance in developing specific and effective treatment
modalities. Otherwise targeting astrocytes in pathological conditions with a particu-
lar therapeutic agent may elicit an inadequate response or may override beneficial
effects with unwanted side effects.

10 Conclusion

There has been a shift in the neuro-centric view of brain functions in appreciation of
the role of other equally important brain cells. This paradigm shift approach has been
instrumental in challenging previous understanding of the neuronal basis of behav-
ior, and establishing/validating new theories in behavioral and molecular
neurosciences. In this regard, astrocytes are emerging as prominent players in
information processing and mediating behavioral outputs. Astrocytes being the
primary elements of homeostatic regulatior in the brain, their perturbations appear
to contribute to major depression and other neuropsychiatric disorders. Approaches
to modulate astrocyte functions that include chemogenetics to more advanced
optogenetics based approaches are continuously being developed. More studies are
warranted to understand precise astroglia mechanisms in depressive disorders and to
target astrocytes specifically for the development of novel therapeutics. The chal-
lenge of studying glial contribution to brain functions is further magnified by their
heterogeneity. However, technological advancements in in vivo neuroimaging,
multi-omics-based methods of establishing brain cell identity and phenotypes are
envisioned to advance astroglia biology, and pinpointing astrocyte specific molecu-
lar targets for pharmacological intervention in depression. Overall, astrocytes are no
longer mere glue or neuron-supporting cells in the brain but are emerging as the
prime targets for the development of the next generation anti-depressants.
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Abstract

Epilepsy is one of the most common neurological disorders affecting 1% of the
world population and is characterized by recurrent, spontaneous seizures caused
due to hyperexcitability and hypersynchrony of neurons. Nearly one-third of the
patients having seizures are drug resistant that is they do not respond to
antiepileptic drugs (AEDs); therefore, a deeper understanding of the underlying
mechanisms is required to develop more effective therapies. Most of the AEDs
target neuronal mechanisms, however, the glia outnumbers the neurons in the
CNS and are involved in controlling diverse neuronal functions. The understand-
ing of the role of glia in epilepsy is therefore pertinent for knowing the patho-
physiology of epilepsy. Altered glial functions may promote epileptogenesis.
Astrocyte and microglia activation, gliosis, and glial tumors are reported to be
associated with the epilepsy. Astrocytes regulate water and K* flow providing
osmotic spatial buffering. The release of gliotransmitters like glutamate, adeno-
sine, and ATP plays important roles in the pathophysiology. Astrocytes are
intimately related to the blood vessels and regulate the blood-brain barrier
functions by releasing chemical signals that maintain tight junction formation
and their function. The brain microvasculature undergoes several alterations in
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epilepsy. Astrocytes are coupled with different cells via gap junctions (GIJs)
which provide cellular communication, regulate K and glutamate redistribution,
and mediate synapse function and memory formation. Microglia, the innate
immune cells of the CNS have crucial role in both physiological and pathological
conditions. Glia-mediated inflammation has been known to promote
epileptogenesis. The release of chemokines, pro-inflammatory cytokines like
IL-B1, TNF-a, and many others, is reported to be associated with seizure fre-
quency and disease duration in various epilepsy pathologies like mesial temporal
sclerosis, focal cortical dysplasia, and Rasmussen’s encephalitis. Thus, the inter-
play between microglia and astrocytes is crucial in epileptogenesis. In this
chapter, we aim to provide an overview of the current understanding of the role
of astrocytes and microglia in the pathophysiology of epilepsy discussing their
function in ion homeostasis, glutamate metabolism, gliotransmission, mainte-
nance of the blood-brain barrier, and inflammation.

Keywords

Epilepsy - Epileptogenesis - Astrogliosis - Microgliosis - Antiepileptic drugs

1 Brief Introduction to Epilepsy

Epilepsy is one of the most widespread neurologic disorders, affecting many
individuals during their lifetime. The International League against Epilepsy
(ILAE) defined epilepsy as the condition of minimum two unprovoked seizures
occurring more than 24 h apart or one unprovoked seizure with a possibility of
reappearance of more seizures after two unprovoked seizures, occurring over the
next 10 years or if there is diagnosis of an epilepsy syndrome (Fisher et al. 2014).
The clinical manifestations of epilepsy are multifaceted and heterogeneous which
could be just a subtle interruption of awareness and responsiveness or an out of
proportion convulsion of the entire body. The ILAE uses several levels to classify
epilepsy to provide better diagnosis and understanding of the pathology. The three
major levels used for classification of epilepsy are the seizure type, epilepsy type,
and epilepsy syndrome following which epilepsies are classified as generalized
epilepsy, focal epilepsy, combined generalized and focal epilepsy, and unknown
epilepsy (Fisher et al. 2017). A “seizure” may be defined as an abnormal excessive or
synchronous neuronal activity in the brain. The causes of seizures are extremely
varied like acquired (symptomatic) as may be observed in meningitis, traumatic
brain injury, and hypoxia-ischemia. They can also be metabolic, congenital, genetic,
or idiopathic (Pack 2019). The new classification of seizures by ILAE was released
in 2017 and provides a better, comprehensive, and detailed understanding of the
seizure types making diagnosis easier. The basic guidelines for seizure classification
used are site of onset of seizure, level of awareness, and involvement of other
symptoms like movement (Fisher et al. 2017). Seizures are primarily classified
based on the initial appearances of the seizure based on which they may be focal,



Glia in Epilepsy: An Overview 325

SEIZURES
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iMPAIRED | NON-MOTOR | - cLonic

Fig. 1 Seizure type classification. (Adapted from “Basic version of 2017 International League
Against Epilepsy Seizure Type Classification” (Fisher et al. 2017; Sarmast et al. 2020))

i.e., seizures originate within a discretely localized or widely distributed neuronal
network limited to one hemisphere or generalized seizures which originate at a point
and rapidly involve bilateral distributed neural networks. The seizures are classified
as unknown if the seizure onset is not clear or missed. Focal seizures are subdivided
as (a) awareness retained or impaired, (b) motor or non-motor, and (c) focal or
bilateral tonic-clonic. Generalized seizures may be motor or non-motor (absence)
seizures (Fisher et al. 2017; Sarmast et al. 2020) (Fig. 1).

Epilepsy is a complex pathology and requires a great deal of understanding for
developing better therapeutic interventions. The medical treatment may include
administering of antiepileptic drugs (AEDs) and dietary or lifestyle changes (like
ketogenic diet) and in cases there may be a need for surgical treatment (Stafstrom
and Carmant 2015). Even with the advancements in antiepileptic therapy, nearly
25% of epilepsy patients so not respond to medication. The International League
Against Epilepsy (ILAE) defines drug-resistant epilepsy (DRE) as “failure of ade-
quate trials of two tolerated, appropriately chosen and used antiepileptic drug
schedules (whether as monotherapies or in combination) to achieve sustained seizure
freedom” (Kwan et al. 2010). About one-third of all patients with epilepsy manifest
drug-resistant epilepsy (Shorvon and Goodridge 2013). Some patients respond to
AED, nearly 4% of adult cases yearly and higher rate in children, but this is
temporary and seizures often reappear (Ramos-Lizana et al. 2009). Therefore, the
only option that remains is surgery for patients with drug refractory epilepsies
(Sheng et al. 2018).

Pathogenesis of DRE is explained by the following popular theories which are
(a) transporter hypothesis, (b) target hypothesis, and (c) a recently proposed neural
network hypothesis. The transporter hypothesis proposes that due to altered expres-
sion of multidrug transporters present in the blood-brain barrier which are crucial for
the efflux of drugs or vesicles from the endothelial cells comprising the BBB, they
are critical in causing decreased intracellular drug concentrations or distribution
leading to drug resistance (Loscher et al. 2011; Loscher and Potschka 2005;
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Margineanu and Klitgaard 2009). Molecules like P-glycoprotein, multidrug resis-
tance protein (MRP), and breast cancer resistance protein (BCRP) transporters have
been reported to have a role to play in DRE (Margineanu and Klitgaard 2009; Sheng
et al. 2018). The target hypothesis proposes the role of altered structure or function
of the target of AEDs because of which the antiepileptic drugs cannot bind to its
target resulting in their inability to inhibit the excessive discharge of neurons
(Koubeissi 2013). The voltage gated sodium channel (VGSC) is used as the main
targets for AED since they are mainly expressed in excitatory cells (Rogawski and
Loscher 2004). Studies have shown that mutation in the SCN1A gene which codes
for the alpha subunit of neuronal type I sodium channel has a significant role in
infant myoclonic epilepsy (Mgller et al. 2008). It is plausible that due to mutations in
sodium channel genes, there is a loss of functional targets of the AEDs causing
reduction in inhibitory sodium current and increased excitability of the whole neural
network thereby contributing to epileptic discharge (Yu et al. 2006).

A more recent hypothesis is the neural network theory which suggests that
changes in the brain induced upon seizure generation which include axonal
sprouting, synaptic reorganization, neurogenesis, and gliosis could act as
contributing factors towards abnormal network formation that consequently results
in loss of endogenous inhibitory effect and also hinders the entry of AEDs into their
targets, resulting in DRE (Fang et al. 2011; Yu et al. 2006). It is important to
understand the underlying mechanisms of seizure generation and localization of
epileptic networks involved which will help in choosing appropriate antiepileptic
measures to be taken and elucidating mechanisms underlying the process of
epileptogenesis (Banerjee et al. 2014). The “epileptogenic network™ is defined as
the area involved in generation and spread of epileptic activity (Dixit et al. 2015).
Any alteration in the mechanisms that inhibit excitatory synaptic transmission or
promote excitation can lead to epileptogenesis (Banerjee et al. 2013; Centeno and
Carmichael 2014). The significant role of glial cells in modulating synaptic trans-
mission and epileptogenesis cannot be underestimated, and therefore this chapter
aims to discuss the fundamental aspects of glia in epilepsy pathology.

2 Reactive Gliosis in Epileptic Foci

The variety of morphological, molecular, and physiological changes that occur in
glial cells, particularly astrocytes and microglia, in response to different types of
neurological insults and diseases are collectively termed as gliosis (Binder and
Steinhduser 2017; Patel et al. 2019; Sofroniew 2014). Gliosis is defined by the
following characteristic features: hypertrophied cell bodies and processes. Increased
expression of several molecular markers for reactive glia. The markers for astrocyte
activation primarily used are intermediate filament proteins glial fibrillary acidic
protein (GFAP) and vimentin. Microglia activation is identified by using ionized
calcium-binding adaptor molecule 1 (IBA1) and CD68. Additionally, cellular pro-
liferation and formation of a defined scar comprising of extracellular matrix
molecules like chondroitin sulfate proteoglycans (CSPGs) (Binder and Steinhduser
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2017; Sofroniew 2014; Sontheimer 2015). Upon insult the glial cells get activated
and are referred to as “reactive glia” (Liddelow et al. 2017). The reactive glia may be
beneficial or detrimental to the neighboring cells, and it is completely dependent on
the type and severity of the injury. Reactive astrogliosis has been reported in most
animal models of as well as studies based on epilepsy patient tissues (Robel et al.
2015). A study shows that gliosis induced by conditional astrocyte-specific deletion
of the P1 integrin gene Itgbl resulted in development of spontaneous, recurrent
seizures in animals suggesting the role of astrogliosis in generation of epilepsy
(Ortinski et al. 2010; Robel et al. 2015). Another example is seizures generated in
Alexander disease which is caused by heterozygous mutations in the GFAP gene
(Messing et al. 2012; Sosunov et al. 2013; Uhlmann et al. 2002). Several studies of
human temporal lobe epilepsy have reported altered astrocytic properties. Hippo-
campal sclerosis which is also called as mesial temporal sclerosis (MTS) is wide-
spread in patients with medically intractable temporal lobe epilepsy. MTS is
characterized by neuronal cell loss in the hippocampus, occurrence of gliosis,
microvascular proliferation, and synaptic reorganization (Sontheimer 2015). Gliotic
scar is one of the most prominent features in chronic focal epilepsies. However, there
is discrepancy in the interdependence of astrogliosis and seizures. Interestingly,
using tissue resected from people with focal cortical dysplasia found an absence of
gliosis (Rossini et al. 2017). Similarly, in a pilocarpine-treated mouse model of
epilepsy, there was no correlation of seizure frequency with reactive gliosis. How-
ever, it was reported that a loss of GABAergic interneurons in the dentate gyrus was
observed (Buckmaster et al. 2017).

Microglia, the innate immune cells of the brain also have been reported to exhibit
morphological alterations after status epilepticus. Studies using human epilepsy
patient samples report chronic activation and increased microglial cell number
(Beach et al. 1995). A correlation is evident between the degree of microglial
activation and seizure severity. Immunohistochemical expression of HLA-DR, an
MHC class II cell surface receptor used to represent activated microglia, highlights
the correlation of microglia activation and epilepsy frequency and duration (Boer
et al. 2006). Studies involving animal models of epilepsy similarly indicated
increased microglia number and reactivity following seizures (Avignone et al.
2008; Bosco et al. 2018; Matsuda et al. 2015; Tian et al. 2017). The source of
microgliosis is still debatable. Some reports suggest the role of infiltrating cells from
the bloodstream to CNS (Djukic et al. 2006; Fliigel et al. 2001; Simard and Rivest
2004). However, few other indicate that microgliosis is due to the proliferation of
resident microglia (Ajami et al. 2007). Further elaborating on this, a recent study
showed that both infiltrated monocytes and activated resident microglia contributed
towards the composition of microgliosis in animal model of kainic acid-induced
seizures (Feng et al. 2019). Their study indicates that the two populations of cells
which are microglia and infiltrating monocytes can be distinguished based on
morphology and electrophysiological properties following KA-induced seizures
(Feng et al. 2019).

These findings highlight that gliosis is an essential part of epilepsy histopathology
and may contribute to epileptogenesis in some forms of epilepsy and not in others.
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Whether gliosis is a cause or consequence of seizures is still arguable and needs to be
investigated. The mechanism reactive gliosis and its role in seizure generation is an
interesting and upcoming area of research (Hubbard and Binder 2016a). The role of
astrocytes in maintaining ion and water homeostasis is well known, since neuronal
activity greatly depends on movement of ions across the cell membrane into or out of
the extracellular space (ECS), it is pertinent that any abnormality in this astrocyte
function would be a cause for abnormal neuronal activity (Coulter and Steinhduser
2015).

3 Water and K" Buffering

The brain tissue is very sensitive to ECS volume and osmolarity, and the ECS has a
very small volume; therefore, any alterations in ion fluxes can result in dramatic
changes in ion concentrations predisposing to seizure generation (Sofroniew 2014).
Neurons rapidly respond to changes in the extracellular K* ion concentrations
(Nicholson and Sykova 1998). Under physiological conditions a single action
potential raises extracellular K™ concentration ([K™]o) by nearly 1 mM and upon
repetitive firing as in case of seizures the [K*]o raises from a resting level of ~3 to
~12 mM (Heinemann and Lux 1977). This increase requires immediate redistribu-
tion else it would result in a more positive resting potential which would affect the
properties of transmembrane ion channels, receptors, and transporters. Two primary
mechanisms are considered to be involved in this regulation of K*, firstly, K* uptake
via potassium inwardly rectifying (Kir) channels present in astrocytes and second is
the spatial buffering of K™ into the astrocyte syncytia coupled through gap junctions
(GJs) (Kofuji and Newman 2004). When this buffering fails, it may contribute to
epilepsy, because increased [K*]o is sufficient to induce strong epileptiform activity
in hippocampal slices as suggested by studies on gliotic astrocytes from animals or
humans (Gabriel et al. 2004; Moody et al. 1974; Traynelis and Dingledine 1988). In
CNS, Kir4.1 is the most abundant Kir channel primarily expressed in astrocytes.
Several studies using animal models and tissues from epilepsy patients have reported
loss of Kir4.1 expression and function (Olsen and Sontheimer 2008; Steinhduser
et al. 2012). Downregulation of Kir4.1 has been found most significantly in the
perivascular domains of astrocytic end feet in patients with mesial temporal lobe
epilepsy (MTLE) and hippocampal sclerosis. Patch clamp studies which confirm a
reduction in inwardly rectifying K* currents in astrocytes of samples obtained from
drug resistant TLE-HS (Heuser et al. 2012). Deletion of astrocyte specific Kir4.1
impairs K* uptake and causes ataxia, seizures, and premature death in animal models
(Djukic et al. 2007). KCNJ10 gene that encodes Kir4.1 has been associated with
seizure susceptibility in humans and mice by quantitative trait loci studies (Buono
et al. 2004). Kir4.1 is not only involved in K* clearance but also contributes in
setting the resting membrane potential of astrocytes. The potential of astrocyte
membrane is used to generate thermodynamic energy for the Na*-dependent elec-
trogenic glutamate transporters used to clear glutamate. Study on cultured cortical
astrocytes showed that RNAi-mediated knockdown of Kir4.1 decreased uptake of
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both K™ and glutamate (Kucheryavykh et al. 2007). Studies highlight that seizure
associated reactive astrocytes show reduced expression and function of Kir4.1 and
consequently lead to impaired clearance of extracellular K* and glutamate
contributing towards neuronal hyperexcitability (Fig. 2).

The movement of ions across the cell membrane along with transmembrane water
flux is necessary to maintain osmotic balance (Patel et al. 2019). Consequently,
water flux is crucial in determining neuronal activity since it changes the composi-
tion and size of the ECS. The aquaporins (AQPs) are a family of membrane proteins
which are crucial for the transport of water across the membrane. AQPs are small
hydrophobic integral membrane proteins (~30 kDa monomer) responsible for bidi-
rectional water transport depending on osmotic gradients (Hubbard and Binder
2016d). There are several AQPs; however, AQP4 is of special interest since they
are highly expressed by glial cells in the brain and spinal cord. The neuropil and
astrocytic end feet are rich in AQP4 where they connect with the blood vessels
(Papadopoulos and Verkman 2013). Altered AQP4 expressions have been reported
in several cases of epilepsy both in animal models and patients (Binder et al. 2012).
Loss of AQP4 expression in astrocyte end feet associated with vessels was reported
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in patients with MTLE-HS (Eid et al. 2008b). Reports from focal cortical dysplasia
and epilepsy (FCD type IIB) studies showed upregulated AQP4 in the neuropil and
around dysplastic neurons, but expression around blood vessels was reduced
(Medici et al. 2011). Dystrophin- associated protein complex which is composed
of a-syntrophin or dystrophin anchors AQP4 to the astrocyte membrane and using a
dystrophin-null transgenic mice showed a decrease in AQP4 channels (Vajda et al.
2002). A study using kainate model of MTLE showed that AQP4 mislocalization
occurs prior to the chronic phase of disorder suggesting its role in epileptogenesis
(Alvestad et al. 2013). There are reports which show the presence of single-
nucleotide polymorphisms (SNPs) in AQP4 and KCNJ10 genes in MTLE-HS and
antecedent febrile seizures (FS) patients and report that one of the SNPs had a role in
resistance to seizures (Heuser et al. 2010). There is evidence which suggest that the
loss or mislocalization of AQP4 channels along with decreased expression of Kir
channels in MTLE are causal for impaired K* buffering and increased seizure
susceptibility (Amiry-Moghaddam et al. 2003; Binder et al. 2006). Both, AQP4
and Kir4.1 colocalize in astrocyte end feet and the flux of ions and water through
them and together regulate K™ and water homeostasis (Nagelhus et al. 2004).
Certainly, any loss of function of either Kir4.1 or AQP4 would result in enhanced
seizure susceptibility (Lee et al. 2012) (Fig. 2). Along with K™ buffering astrocytes
regulate the concentration of a very important molecule, i.e., glutamate which acts as
an excitatory neurotransmitter. Abnormal clearance of glutamate results in uncon-
trolled neuronal firing and seizure generation (Verkhratsky and Nedergaard 2018).

4 Glutamate Release and Metabolism

Increase in extracellular glutamate is a characteristic feature of animal and human
epileptic tissues. Several lines of evidence suggest this causes neurotoxicity and
seizures (During and Spencer 1993). Uptake of glutamate is performed by Na®-
coupled electrogenic excitatory amino acid transporters, EAAT1 and EAAT?2. These
transporters import one glutamate along with three Na* ions along with simultaneous
release of one K* ion (Verkhratsky and Nedergaard 2018). In rodents, EAATI is
known as glutamate aspartate transporter (GLAST) and EAAT?2 as glutamate trans-
porter 1 (GLT1), which is the primary astrocyte-specific glutamate transporter in the
adult brain (Hubbard and Binder 2016e). The glutamate transporters are bidirec-
tional; therefore, glutamate taken up by the astrocytes is rapidly converted or
degraded. There are two major mechanisms by which intracellular glutamate is
reduced: first is the glutamate dehydrogenase-enabled conversion to
a-ketoglutarate which is an intermediary product of the tricarboxylic acid (TCA)
cycle and thus provides metabolic fuel (Vandenberg and Ryan 2013). Second is the
glutamate-glutamine cycle which is used to convert glutamate to glutamine
catalyzed by glutamine synthetase (GS), a keystone enzyme primarily localized in
astrocytes in the brain. The glutamine-glutamate cycle provides precursor for neuro-
nal glutamate (Tian et al. 2005) and for GABA the inhibitory neurotransmitter in
interneurons, where glutamate is decarboxylated by glutamate decarboxylase (GAD)
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to GABA (Jiang et al. 2012; Kaczor et al. 2015). Many studies report that patients
with temporal lobe epilepsy (TLE) have oddly high concentrations of extracellular
glutamate which is greater in patients with HS (gliosis) (Eid et al. 2013; Petroff et al.
2002). Several studies have reported altered expressions of EAAT1 and EAAT2 in
different epilepsy pathologies like MTLE-HS (Eid et al. 2008b) and FCD (Campbell
and Hablitz 2008; Campbell et al. 2014); however, some studies reported no change
(Kim et al. 2004). Decreased expression of the transporters is reported in patients
with MTLE-HS (Sarac et al. 2009) and FCD (Ulu et al. 2010) in the CA1 region of
hippocampus. In a cortical dysplasia model, inhibition of transporters resulted in
opening of neuronal N-methyl-p-aspartate (NMDA) receptors, prolonged synaptic
currents, and reduced the threshold for the initiation of epileptic activity (Campbell
and Hablitz 2008) highlighting the crucial role of glutamate clearance by glial
glutamate transporter (Lee et al. 2008; Tanaka et al. 1997). The b-lactam antibiotics
increase glutamate uptake in astrocytes by activating EAAT2 promoter by NF-kB
dependent mechanism (Rothstein et al. 2005). GS enzyme is crucial for the conver-
sion of glutamine and studies using hippocampal tissue from TLE patients show a
significant decline in the activity of GS enzyme along with a considerable loss of GS
in astrocytes (Binder and Steinhéduser 2006; Eid et al. 2004; van der Hel et al. 2005).
Thus, both downregulated GS expression and function along with reduced expres-
sion and function of astrocytic glutamate transporters have been reported in hippo-
campus of patients with TLE which together may account for the excessive
glutamate levels in these patients (Eid et al. 2008a; Schousboe et al. 2014) (Fig. 2).

Metabotropic glutamate receptors (mGIluRs), which are G protein-coupled
receptors (GPCRs also have an important function in glutamate regulation).
Astrocytes primarily express mGluR3 and mGluRS5 receptors which regulate astro-
cytic functions as observed in epilepsy (Aronica et al. 2000, 2003; Kandratavicius
et al. 2013). Various studies including patients and murine model of epilepsy have
shown differential expression of mGluRS (Aronica et al. 2000; Hanak et al. 2019).
Genetic deletion of astrocytic mGIluRS has been shown to decrease glutamate
clearance via glutamate transporters indicating their function in regulating glutamate
transporters in epileptogenesis (Bianchi et al. 2012; Notenboom et al. 2006;
Umpierre et al. 2019). Interestingly, there is evidence that activation of mGluRS5
may increase excitability (Bianchi et al. 2012; Peterson and Binder 2020). In
pilocarpine animal model of epilepsy, it is observed that mGIuRS activation after
seizure generation increased astrocytic calcium signaling (Ding et al. 2007; Peterson
and Binder 2020).

Astrocytes are not only involved in glutamate homeostasis; they are also respon-
sible for maintaining the energy homeostasis in the brain that is crucial for optimal
synaptic activity (Magistretti and Allaman 2015). The increased energy requirement
by astrocytes prompts the uptake of glucose from the surrounding blood vessels
through the membrane expressed glucose transporter GLUT1. Glucose undergoes
glycolytic oxidation and is converted into pyruvate. However, the use of pyruvate
through TCA cycle in astrocytes is limited. Therefore, astrocyte lactate dehydroge-
nase 5 (LDHS5) converts the pyruvate produced by glycolysis into lactate. This
lactate is then shuttled through monocarboxylate transporters (MCTs) to neurons,
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where LDH1 drives the conversion of lactate to pyruvate which is then utilized as an
energy substrate via the TCA cycle. This is often called the astrocyte neuron lactate
shuttle (ANLS) pathway (Hubbard and Binder 2016e; Schousboe et al. 2014).
Astrocytes are the storehouse for glycogen. Upon persistent neuronal activity,
glycogen is used as an energy source; therefore, any disturbances in this metabolic
pathway may tamper neuronal excitability. The use of a ketogenic diet which
employs a high-fat and low-carbohydrate diet has successfully been used in
controlling refractory seizures. It alters the energy metabolism probably by altering
the ANLS pathway (Clasadonte and Haydon 2012; Hubbard and Binder 2016e). A
study proposed that lactate from astrocytes acts as a source of ictogenic pyruvate in
neurons because inhibition of LDH in astrocytes reduced neuronal excitability.
Notably, an analogue of stiripentol, which is a clinically used antiepileptic drug is
also an inhibitor of LDH and has been shown to potentially suppress seizures in
kainic acid mice model of epilepsy (Sada et al. 2015). Astrocytes are key players in
maintaining neuronal energy demands by providing energy-substrates. Furthermore,
support neurotransmitter production by providing amino acid precursors (Patel et al.
2019). Thus, astrocytes are vital in sustaining normal excitation—inhibition balance.
Astrocytes not only uptake glutamate but also respond to signals and release
molecules called as “gliotransmitters” which include glutamate, ATP, D-serine,
etc. by which they modulate synaptic transmission. The mechanism of their release
greatly depends on calcium signaling (Araque et al. 2014; Parpura et al. 2012).

5 Gliotransmission: Role of Ca?* Signaling

The release of several molecules from astrocytes which act as neurotransmitters and
neuromodulators of neurons is called “gliotransmission” (Araque et al. 2014). The
major gliotransmitters are glutamate, ATP, and adenosine. The gliotransmitters can
effectively induce neuronal excitability therefore may have a significant role in
epileptogenesis (Verkhratsky et al. 2014; Volterra and Meldolesi 2005). As
described previously, glutamate released from astrocytes has multiple effects on
neuron function which includes regulating neuronal excitability and synchroniza-
tion, synaptic plasticity, and modulating GABAergic neurotransmission and produc-
tion of slow inward currents in neurons (Devinsky et al. 2013; Eid et al. 2016).
Solute carriers (SLCs) are transmembrane transporters which have been considered
as drug targets owing to their role in movement of several molecules like nutrients,
ions, metabolites, and drugs across membranes (Hu et al. 2020). Alterations in
various SLCs have been reported in epilepsy patients as well as rodent models
(Dikow et al. 2014; Mattison et al. 2018; Patching 2017; Stergachis et al. 2019;
Zhang et al. 2019). SLC12A2 known as Na-K-ClI cotransporter (NKCC1) mediates
chloride ion (Cl ") uptake and supports depolarizing responses to GABA, while
SLC12AS5 also known as K-ClI co-transporter (KCC2) has a fundamental role in fast
maintaining a hyperpolarizing gradient by extruding CI™. Alterations in the equilib-
rium of SLC12A2 and SLC12AS5 activity are associated with epileptogenesis and
therefore are extensively being studied to explore new therapeutic targets of epilepsy
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(Loscher et al. 2013; Lykke et al. 2016; Moore et al. 2017; Spiciarich et al. 2019).
The SLC12A2 inhibitor bumetanide has been shown to exert antiepileptic effects
(Gharaylou et al. 2019). ATP is another critical gliotransmitter released by
astrocytes. Astrocytes express various ion channels and G protein-coupled receptors.
Purinergic signaling has pro-hyperexcitability consequences depending upon gluta-
mate release, production of pro- inflammatory factors, alteration of the ECM, and
synaptogenesis (Bowser and Khakh 2004; Zhang et al. 2003). However, adenosine
unlike ATP mediates suppression of synaptic activity by activating presynaptic and
postsynaptic G protein-coupled adenosine Al receptors (A1Rs) which upon activa-
tion increase the efflux of K* through G protein-coupled Kir channels resulting in
suppressed excitatory synaptic transmission (Boison 2016). These A1Rs have been
reported to be downregulated in TLE patients as well as rodent models of epilepsy
(Gomes et al. 2011). Due to this action, adenosine is also known as an endogenous
anticonvulsant (During and Spencer 1992). Certain studies have indicated the role of
astrocyte associated adenosine cycle in epilepsy (Boison 2016). ATP released by
astrocytes is converted to adenosine in the ECS and taken up by astrocytic nucleo-
side transporters and subsequently phosphorylated by adenosine kinase (ADK)
primarily expressed in astrocytes. Animal and human studies on epilepsy show
altered ADK function indicating that adenosine deficiency may be a contribute
towards for seizure generation (Aronica et al. 2011; Boison 2016) (Fig. 2).

The release of gliotransmitters is suggested to be calcium-dependent (Parpura
et al. 1994). There are several lines of evidence that suggest that the release from
astrocytes is similar to vesicular release of neurotransmitters from neurons
(Carmignoto and Haydon 2012; Hubbard and Binder 2016c¢). Several studies sug-
gest that in epilepsy the astrocyte calcium signaling is altered which may account for
disturbed gliotransmitter release, including glutamate and ATP (Hubbard and Binder
2016b). The knowledge about the role of calcium mediated gliotransmitter release in
epilepsy is not so well proved. However, there are reports from human tissues and
animal models which suggest dysregulation of calcium channels and subsequent
increase in astrocytic calcium signaling may have a role to play in hyperexcitability
and seizure generation (Carmignoto and Haydon 2012; Sun et al. 2002). Several
in vitro and in situ models of epilepsy have also highlighted the effect of astrocytic
calcium signaling (Navarrete et al. 2013). Calcium imaging along with electrophys-
iological studies have shown increased calcium levels in cortical and hippocampal
slices obtained from tissues resected from epileptic patients (Araque et al. 1998).
Astrocytes cultured from cortical tissue of TLE patients revealed that intracellular
calcium levels were elevated in an IP;-dependent manner upon addition of albumin.
Study on CA1 pyramidal neuron highlighting the calcium-dependent mechanism of
release of glutamate, slow inward currents (SICs), and associated epileptiform
discharges are indicative of the role of astrocytic glutamate on ionotropic glutamate
receptors in neurons (Ding et al. 2007). Increased astrocytic Ca®* signals promote
neuronal excitotoxicity after status epilepticus as observed by two-photon micros-
copy after pilocarpine-induced status epilepticus (Hubbard and Binder 2016c;
Orellana and Stehberg 2014). Studies have evidenced that upon adding calcium
chelators, mGLURS5 antagonists, and NMDA receptor antagonists after SE the
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neuronal death was reduced (Hubbard and Binder 2016e). Owing to its significance,
intracellular calcium levels in astrocytes may provide novel therapeutic target for
epilepsy. Additional studies are required to fully understand the role of calcium
signaling in synaptic function, hyperexcitability, seizure generation, and epilepti-
form activity. The glial cells have a unique communication ability since they are
connected with each other by gap junctions. This cell-to-cell contact allows the
propagation of calcium waves, exchange of ions, and small molecules, thereby
allowing homeostasis and spread of signals in the glial syncytium (Devinsky et al.
2013; Hubbard and Binder 2016c; Verkhratsky and Nedergaard 2018).

6 Cell-Cell Communication: Role of Gap Junctions

Connexins (CXs) include a highly conserved protein family encoded by 21 genes in
humans and 20 in mice and having orthologs in other vertebrate species (Orellana
et al. 2016). Each hemichannel or connexon is comprised of six connexins. These are
arranged together to form a channel. Connexon of adjacent cells interact to form gap
junctions. These channels communicate intra- and extracellular compartments and
allow the release autocrine and paracrine signaling molecules, for example, ATP,
glutamate, and NAD™, to the extracellular milieu. These channels also enable the
influx of small molecules of up to ~1.5 kDa like glucose and Ca>* (Chever et al.
2014). With increasing knowledge about these channels their role in regulating and
maintenance of homeostatic imbalance associated with brain disorders has been
recognized. These hemichannels play diverse roles in glucose sensing, ischemic
tolerance (Orellana et al. 2016), synaptic transmission (De Bock et al. 2011),
chemoception, blood-brain barrier (BBB) permeability (Chever et al. 2014), and
release of gliotransmitters (Mylvaganam et al. 2014). Studies have reported impaired
astrocytic gap junction coupling in epilepsy (Bedner et al. 2015) (Fig. 2). Tracer
diffusion experiments on hippocampal specimens from patients with hippocampal
sclerosis evidenced complete loss of coupling in hippocampal. Studies conducted on
animal models of epilepsy recapitulated these findings. Impaired K* clearance due to
uncoupling is suggested have a role in neuronal death and occurrence of spontaneous
seizure activity (Deshpande et al. 2017; Voss et al. 2009). Interestingly, decreased
astrocyte coupling has been observed to precede apoptotic neuronal death and the
onset of spontaneous seizures (Wu et al. 2015). Similar findings were described in
mouse models of tuberous sclerosis complex and juvenile febrile seizures (Wallraff
et al. 2006). However, contrary results were reported where increased coupling of
hippocampal astrocytes was observed; this could be a compensatory mechanism for
buffering glutamate and potassium levels in astrocytes (Deshpande et al. 2017,
Vargas-Sénchez et al. 2018). Some authors suggest that increased coupling of
reactive astrocytes may be implicated in the synchronization of hippocampal hyper-
activity leading to neuronal loss and epileptogenesis (Wu et al. 2015). The knowl-
edge about the role of astrocytic gap junctions in epilepsy is still limited. In vivo
studies using acute hippocampal slices incubated in cytokines highlighted the role of
pro-inflammatory cytokines in inducing uncoupling of hippocampal astrocytes



Glia in Epilepsy: An Overview 335

(Deshpande et al. 2017; Moinfar et al. 2014). Another study on mice showed
decrease in coupling after 5 days of lipopolysaccharide injection. Furthermore, this
uncoupling could be rescued upon administration of an anti-inflammatory and
antiepileptic drug Levetiracetam (Giaume et al. 2010; Moinfar et al. 2014). These
results give convincing evidence that inflammation has an important role in
uncoupling of astrocytes which leads to epileptogenesis. A recent study reported
the role of intracellular alkalization of astrocytes during epilepsy in uncoupling. This
study highlighted that the alkaline pH shift in astrocytes causes gap junction
uncoupling, resulting in altered K ion clearance which aggravates seizures genera-
tion (Onodera et al. 2021). Apart from cell-cell communication as mediated by gap
junction in astrocytes, there is another significant role of astrocytes as they commu-
nicate between the blood capillaries and the neurons. The blood-brain barrier is
surrounded by glial end feet which maintain the integrity of the BBB. However, the
breach of BBB is detrimental and has been reported in epilepsy (Binder and
Steinhduser 2017; Hubbard and Binder 2016f; Patel et al. 2019).

7 Vasculature and the BBB in Epilepsy

The blood-brain barrier (BBB) is a dynamic system that separates the peripheral
blood from the neural tissue. The BBB is comprised of cerebral microvascular
endothelial cells which are linked by tight junction proteins which do not allow
diffusion of water-soluble substances through the intracellular spaces and work in
concert with other types of cells to build a unique microenvironment for proper
functions of the neurons (van Vliet et al. 2007). Together, the neurovascular unit
(NVDU) is composed of endothelial cells, astrocytes, microglia, pericytes, neurons,
the basement membrane, and other cellular component of the parenchyma in the
brain (Seiffert et al. 2004). The astrocytic end feet interact with the endothelial cells
on the abluminal membrane of the capillaries and maintain the BBB integrity
(Seiffert et al. 2004). Pericytes and perivascular cells possesses elongated processes
which intermittently surround the abluminal membrane of endothelial cells.
Pericytes are known to have a role in regulating cerebral blood flow (Hubbard and
Binder 2016g). Microglia act as the mediators of immune response in the brain, and
neurons may regulate the local cerebral blood flow (Binder and Steinhduser 2017,
Patel et al. 2019). Several studies have reported that disruption of this BBB occurs in
temporal lobe epilepsy (Seiffert et al. 2004: 130). It has been shown that seizures
lead to increased vascular permeability and leukocyte infiltration along with reactive
astrocytosis, inflammation, and hyperexcitability (Kim et al. 2016; Seiffert et al.
2004; van Vliet et al. 2007). However, the role of BBB disruption in being causal of
epileptogenesis or a consequence is still an enigma. It needs a greater understanding
of this system.

Glycoproteins and proteoglycans are released by glia and neurons form the matrix
in ECS which exhibit a special lattice-like structure known as PNNs (Lau et al.
2013). Matrix- remodeling enzymes such as MMPs and tissue inhibitors of metallo-
proteinases (TIMPs) that are released by neurons and glial cells have a role in
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remodeling the ECM (Dityatev 2010; Dubey et al. 2017). Therefore, molecules
which disrupt PNNs result in altered GABAergic interneuron activity resulting in
upregulated excitatory  synaptogenesis consequently contribute towards
epileptogenesis (Arranz et al. 2014; Pollock et al. 2014; van Vliet et al. 2007).
Studies have shown that in pathological conditions the ECM and PNNs undergo
remodeling that can possibly cause alteration in synaptic circuits as observed in
animal models of epilepsy and in human epileptic tissues (Arranz et al. 2014;
Pollock et al. 2014; Rankin-Gee et al. 2015; Rempe et al. 2018; Weissberg et al.
2015; Yang et al. 2007). Upon BBB disruption, the brain gets exposed to invading
cells of the immune system and serum components like albumin (Weissberg et al.
2015) which is a potent trigger for neuronal hyperexcitability (Salar et al. 2014).
Albumin extravasation has been reported in animal models of TLE and human
samples from patients with different drug-resistant epilepsies like TLE, focal cortical
dysplasia, tuberous sclerosis complex, gangliogliomas, and vascular malformations
(Loscher and Friedman 2020; van Vliet et al. 2015). Albumin is reported to activate
TGFp receptors present in astrocytes resulting in reduced expression of Kir channels,
AQP4, glutamate transporters, and gap junction proteins (Kim et al. 2017). Activa-
tion of TGFp signaling pathway also results in aberrant neurogenesis, increased
excitatory synaptogenesis, and pro-inflammatory molecule release from astrocytes
which may account for damage to neurons and other nearby cells (Merlini et al.
2021; Patel et al. 2019; Salar et al. 2014). Albumin is considered to cause drug
resistance by interacting with drugs and making them less available for binding and
altering their efficiency (Ivens et al. 2007). Losartan which is a US-FDA approved
drug is shown to inhibit TGFf signaling. Reports have highlighted that administra-
tion of Losartan decreased albumin-induced chronic seizures and inhibited
epileptogenesis in rat models of epilepsy(Kim et al. 2012, 2017; Patel et al. 2019)
(Fig. 3). Conclusively it may be stated that the role of ECM remodeling and altered
properties of the BBB significantly contribute to epileptogenesis. Inflammation is a
crucial contributor of epileptogenesis. Disruption of the BBB resulting in inflamma-
tion has a great impact on the progression of epileptogenesis (Farina et al. 2007).
Thereby it becomes mandatory to understand the underlying inflammatory
mechanisms in epilepsy.

8 Glia-Mediated Neuroinflammation

Neuroinflammation is a physiological process elicited upon alteration of homeosta-
sis which may arise due to any injury, infection, or dysregulated cellular functions.
In the CNS, neuroinflammation is regulated by astrocyte and microglia primarily
along with neurons and peripheral immune cells. This dynamic process encompasses
cellular proliferation, migration, release of several factors like cytokines,
chemokines, complement components, exhibition of several surface proteins like
pattern recognition receptors, and regulation of different signal pathways (Streit et al.
2004; Woodcock and Morganti-Kossmann 2013). Studies including both human
patient samples and animal models of epilepsy indicate that neuroinflammation may
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Fig. 3 Schematic representation of role of glia in BBB dysfunction and inflammation in epilepsy.
The integrity of BBB is compromised resulting in seizure generation which further adds to
disrupting the BBB. Inflammation is associated with epileptogenesis and BBB breakdown

contribute towards epilepsy pathologies (Choi et al. 2011; Ravizza et al. 2008;
Vezzani et al. 2011b, 2013a). However, it is not very well understood whether
neuroinflammation causes epileptogenesis or exacerbates the damage after seizure
generation. The inflammatory response after seizure onset includes activation of glial
cells, secretion of inflammatory mediators which include cytokines such as the
pro-inflammatory (interleukin-1, interleukin-6, tumor necrosis factor), the anti-
inflammatory cytokines (IL-4, interleukin-10, and TGF-beta), and chemokines
(Aronica et al. 2011; Griffiths et al. 2009; Vezzani et al. 2013b). These inflammatory
responses have been known to increase neuronal hyperactivities leading to increased
neuronal cell death during epilepsy (Fig. 3) (Vezzani and Viviani 2015).

The proinflammatory mediators released from reactive astrocytes and microglia
are reported to aggravate seizure activity and excitotoxicity in epilepsy (Ding et al.
2014; Miskin and Hasbani 2014). Inflammatory pathway activation is reported to
reduce seizure threshold in neurons and thus has an important role in generation and
recurrence of seizure (Vezzani et al. 2011a, 2013a, b). Studies indicate the role of
cytokines in increasing neuronal excitability by inducing transcriptional
downregulation of glutamate transporter GLT-1 in astrocytes. Cytokines also pro-
mote release of ATP, glutamate, glycine, and p-serine from astrocytes, which
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enhance neuronal glutamatergic transmission (Fabene et al. 2010; Fang et al. 2012).
Perivascular astrocytes and microglia may release cytokines which contribute
towards BBB dysfunction in epilepsy (Vezzani et al. 2011b, 2013b). Additionally,
inflammatory signaling causes the upregulation of adhesion molecules in endothelial
cells which promotes recruitment of circulating leukocytes facilitating the break-
down of tight junctions leading to BBB damage (Vezzani et al. 2013a). Several
studies point towards the crucial role of chemokines in controlling acute and chronic
neuroinflammation in epilepsy (Xu et al. 2012). Studies conducted on experimental
models and TLE patient tissues provide indicate upregulated chemokine signaling
components (Kan et al. 2012; Roseti et al. 2013) Studies on KA-induced seizures
model of epilepsy show release of various chemokines like CCL2, CCL3, CCLS,
CCL10, and CXCL10. These findings are consistent with reports from brain tissue of
epilepsy patients (Wu et al. 2008; Choi et al. 2009). A recent study highlighted the
role of CCL2 in monocyte infiltration into the CNS, through CCR2 activation after
seizures (Tian et al. 2017).

In epilepsy, injured or activated brain cells exhibit endogenous molecules (i.e.,
damage-associated molecular patterns [DAMPs] such as HMGB1, S100 proteins,
adenosine triphosphate (ATP), products of extracellular matrix degradation, and
IL-1b which are recognized by microglia and astrocytes thereby eliciting an immune
response) (Ravizza et al. 2008, 2005). Animal studies highlight the occurrence of an
inflammatory response and glial activation after status epilepticus in the developing
hippocampus (Crespel et al. 2002) and during postnatal development (Rizzi et al.
2003). Similar findings are evidenced in tissues obtained from medial temporal lobe
epilepsy with hippocampal sclerosis patients (Seifert et al. 2010). NF-kB-dependent
transcriptional upregulation of various inflammatory genes has been reported in glial
cells (Vezzani et al. 2011b, c¢; Vezzani and Friedman 2011).

Microglia selectively express the fractalkine receptor (CX3CR1) in CNS.
Fractalkine (CX3CL1) is a chemotactic cytokine predominantly expressed by
neurons (Cardona et al. 2006). There are reports which confirm the upregulated
expression of CX3CL1 in the serum and cerebrospinal fluid of epileptic patients and
in a lithium-pilocarpine rat model of epilepsy (Ali et al. 2015). CX3CL1 has been
shown to control GABA-evoked currents in brain tissue obtained from epilepsy
patients along with elevated CX3CR1 expression in microglial cells (Kan et al.
2012). Neurotoxicity has been associated with prolonged inflammatory responses as
in case of status epilepticus in epilepsy (Bezzi et al. 2001; Henneberger and
Steinhduser 2016). The role of immune response mediators like TLR4, ATF3, and
IL-8 in seizure generation and inflammation in epilepsy has also been reported in
brain tissues resected from patients with epilepsy (Pernhorst et al. 2013; Walker and
Sills 2012). The understanding of inflammatory mechanisms underlying generation
of seizures or a consequence of seizure is crucial to provide better therapeutic
approach for epilepsy pathology (Goldberg and Coulter 2013).

In a study on pediatric drug refractory epilepsy, seizure control was achieved
upon anti-inflammatory treatment, thus providing evidence towards the role of
inflammatory mediators in seizure generation (Aronica et al. 2012; Vezzani et al.
2000). Additionally, there are reports that show that application of microglial
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inhibitors, such as minocycline and macrophage inhibitory factor (MIF) reduced
neurodegeneration in epilepsy (Rogove and Tsirka 1998; Wang et al. 2012).

9 Future Perspectives

The contribution of glial cells to epileptogenesis has been unequivocally
demonstrated in several studies using resected tissues from epilepsy patients as
well as several animal models of epilepsy (Clarke and Barres 2013). However,
there are several crucial questions which need to be addressed. Firstly, the different
functions of astrocytes and microglia in regulating synaptic transmission, ion
homeostasis, and glutamate clearance may be subjective to the pathophysiology of
other forms of epilepsy. Therefore, it is important to look for changes in glial
functions in different forms of epilepsy pathologies which have not been well
explored yet unlike MTLE and focal cortical dysplasia. Secondly, in lieu of the
crucial role of astrocytes in modulating the BBB microenvironment, it becomes of
great importance to focus epilepsy research on this. Since, the gliovasculature
junction is not so well understood; it provides an open ground for future research
to unravel the underlying mechanisms of epileptogenesis. The role of BBB in
epileptogenesis is very intriguing, and the cellular and molecular roles of the
gliovascular junction in regulating metabolic homeostasis and epileptogenesis are
not explored as much; therefore, it is an important area for future studies to be carried
out (Loscher and Friedman 2020). Third, an important recent development is the
recognition of structural and functional heterogeneity of astrocytes and microglia.
The discovery of NG2 glia is more recent and requires future studies for a better
understanding. The understanding of microglia polarization states, and the recently
described disease-associated microglia (DAM) phenotypes require more characteri-
zation in epilepsy (Keren-Shaul et al. 2017). Fourth, another interesting area of
research can be the glial interaction between different cell types like microglia,
astrocytes, oligodendrocytes, endothelial cells, and pericytes in different regions of
the brain. This will provide a broader insight into the glial communication. Fifth,
despite a great deal of knowledge and research about epilepsy, there is still a growing
demand for development of new and better AEDs which may have lesser side
effects, improved antiepileptogenic effects, and increased tolerability. There are
various potential targets like IL-1p, TGF-p, mTOR signaling pathway, and many
others which have been described to have important role epileptogenesis and may be
harnessed for developing better AEDs (Kambli et al. 2017). Another important
research area is the employment of genetic tools in understanding the genetic
variants associated with different form of epilepsies. To improve diagnosis and
treatment, it is essential to incorporate genetic testing and identifying genetic
biomarkers in different subtypes of DRE pathologies (Balestrini and Sisodiya
2018; Thakran et al. 2020).

Therefore, future research should be based on using different approaches and
strategies to explore new therapeutic targets for controlling seizures and
epileptogenesis. Further studies on the role of glia in epilepsy should enable the
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Fig. 4 Summarising the role of glial cells in epileptogenesis and possible therapeutic targets
(Aronica et al. 2001; Dixit et al. 2016; Kambli et al. 2017)

identification of novel molecular targets which might unravel new possibilities for
the development of alternative antiepileptic therapies (Fig. 4).
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Abstract

Gliomas are the most common primary malignant central nervous system (CNS)
tumors and are associated with significant morbidity and mortality. They can be
either diffuse or circumscribed. Diffuse gliomas occur at all ages, though more
common among adults. Morphologically they are classified as astrocytomas and
oligodendrogliomas, and their grade of malignancy is represented across WHO
grades 2—4. Circumscribed gliomas are more frequent in children, the most
common type being pilocytic astrocytoma. Recent research has elucidated molec-
ular heterogeneity among glial tumors, which have led to identification of various
important genetic and epigenetic pathways that drive glioma initiation and pro-
liferation. Thus astrocytomas are characterized by IDH1/2 mutations, while
oligodendrogliomas have 1p/19q co-deletion in addition to IDH1/2 mutations.
These molecular alterations also serve as diagnostic and prognostic markers,
while MGMT promoter methylation is a predictive biomarker. Pediatric-type
diffuse gliomas (low grade and high grade) share similar histology with their
adult counterparts; however, they harbor distinct genetic alterations. Low-grade
diffuse gliomas and circumscribed gliomas are characterized by alterations in the
RAS/MAPK pathway and high-grade diffuse gliomas by histone H3 gene
mutations (H3K27M and H3G34V/R mutations). Numerous clinical trials are
ongoing using these markers for targeted therapy in pediatric gliomas. Thus the
latest Fifth edition of WHO CNS tumor classification emphasizes on significance
of combining histologic and molecular parameters for the integrated diagnosis of
brain tumors that would provide valuable diagnostic, prognostic, and predictive
information and for some entities, suggest targeted therapies.
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1 Introduction

Gliomas are the most common primary central nervous system (CNS) tumors
(Coons et al. 1997) accounting for about 30% of all CNS tumors and 80% of all
malignant brain tumors (Goodenberger and Jenkins 2012). These neoplasms occur
in all ages and at all locations throughout the neuro axis. Research in transgenic mice
demonstrated that gliomas could have originated from a gamut of cell types that
includes astrocytes, oligodendroglial progenitor cells, or neural stem cells (Parsons
et al. 2008).

The classification and grading of gliomas have evolved over time, beginning in
1926 with a system devised by Bailey and Cushing (1926) and later revised by
Kernohan, Ringertz, and others (Kernohan and Mabon 1949; Ringertz 1950).
Current classification of gliomas is based on the World Health Organization
(WHO) classification of CNS tumors, which was first published in 1979 and has
been revised four times since then, the most recent being in 2021 (Reifenberger et al.
2017; Louis et al. 2016, 2021a).

Up to 2007 (fourth edition), the WHO classification and grading of gliomas has
been based on their histological characteristics, supplemented with immunobhis-
tochemistry (IHC) for tumor markers and proliferation index (Santosh 2012). In
addition to histological tumor typing, each tumor has been assigned a histological
grade based on the degree of anaplasia, from WHO grade I to IV with WHO grade I
designating an indolent lesion often associated with a favorable outcome and WHO
grade IV designating a malignant tumor associated with poor prognosis
(Reifenberger et al. 2017; Louis et al. 2016). Thus for past many decades
histomorphological classification has served as the benchmark for glioma
diagnostics and therapeutic decision-making. However it is associated with consid-
erable interobserver variability and also does not provide insights into the underlying
tumor biology (Pietrak et al. 2011). Therefore it cannot be relied upon completely for
tailored treatment of individual patients.

Over the last few decades, genome-wide molecular profiling studies have
unfolded the distinct genetic alterations and epigenetic profiles associated with
various gliomas. It has also been extensively demonstrated that these molecular
characteristics can be exploited as diagnostic, prognostic, therapeutic, and predictive
biomarkers and thus can help in refining glioma classification. Thus, the WHO
classification of tumors of the CNS has been revised in 2016 (updated fourth edition)
to incorporate for the first time molecular biomarkers along with classic histological
features in an “integrated diagnosis” format, in an attempt to define distinct glioma
entities. The 2016 WHO classification of tumors of the CNS reflects a revolutionary
change, replacing conventional histology-based glioma diagnostics with an
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integrated histological and molecular classification system that empowers more
meticulous tumor categorization (Louis et al. 2016).

However, while the WHO 2016 revision was being prepared, it became apparent
that future changes would very soon be needed because of rapid advances in
molecular insights of CNS tumors and their impact on diagnosis, prognosis, man-
agement, and targeted therapy as well as discovery of novel distinct entities,
promising new biomarkers and newer drug targets. Accordingly, the Consortium
to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy
(c-IMPACT-NOW) was constituted by International Society of Neuropathology
(ISN) as a platform to evaluate the recent developments and provide
recommendations for proffered changes to succeeding CNS tumor classifications.
A total of seven c-IMPACT updates have been published till date which have
facilitated the preparation of the Fifth edition of WHO Classification of CNS Tumors
(2021) (Louis et al. 2021a).

The Salient Changes in WHO 2021 Classification of CNS Tumors Fifth edition
Is as Follows (Louis et al. 2021a)

1. Change of grading to Arabic from Roman numerals (Grade 1 to 4 instead of
Grade [ to IV).

2. Restructuring of tumor groups, e.g., separation of diffuse and circumscribed
gliomas.

3. For the first time, separation of pediatric gliomas as distinct from adult gliomas
and their further categorization into diffuse low- and high-grade pediatric type
gliomas.

4. Revised nomenclature of some existing entities, e.g.,

(a) Astrocytoma, IDH mutant, covering grades 2—4 (eliminates the term “ana-
plastic astrocytoma” and “glioblastoma, IDH-mutant”).

(b) Diffuse midline glioma, H3K27M altered (changes “mutant” to “altered”
given multiple mechanisms).

(c) Astroblastoma, MNI altered (adds genetic modifier).

(d) Chordoid glioma (removes site designation).

5. Addition of newly recognized entities, some on the basis of distinct genetic

signatures, e.g.,

(a) Diffuse astrocytoma, MYB or MYBL] altered.

(b) Diffuse low-grade glioma, MAPK pathway altered.

(c) Diffuse hemispheric glioma, H3 G34 mutant.

(d) Diffuse pediatric-type high-grade glioma, H3-wildtype and IDH-wildtype.
(e) Infant-type hemispheric glioma.

(f) High-grade astrocytoma with piloid features.

(g) CNS tumor with BCOR internal tandem duplication.

It is hoped that this revolutionary change will make a considerable difference in
how glioma is diagnosed and hence have remarkable significance for future clinical
trials and patient management in daily practice.
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2 Adult-Type Diffuse Gliomas

2.1 WHO 2021 Classification of Adult-Type Diffuse Gliomas

Tumor type WHO grade
Astrocytoma, IDH mutant 2/3/4
Oligodendroglioma, IDH mutant and 1p/19q co-deleted 2/3
Glioblastoma, IDH wild type 4

2.2 Clinical-Pathological Characteristics of Adult-Type Diffuse
Gliomas

Astrocytoma

These tumors can occur in any part of the CNS including the brain stem and the
spinal cord. They occur more frequently in the supratentorial than the infratentorial
compartment. The majority of grade 2 and grade 3 patients are in the age group of
3040 years, while patients of grade 4 are slightly older.

Astrocytoma, IDH-Mutant, WHO Grade 2

“A diffusely infiltrative astrocytic glioma with an IDH1 or IDH2 mutation that is
well differentiated and lacks histologic features of anaplasia. Mitotic activity is not
detected or low. Microvascular proliferation, necrosis and CDKN2A/B homozygous
deletions are absent” (Louis et al. 2021a). These are relatively slow-growing tumors
with a median survival of 7-10 years.

Astrocytoma, IDH-Mutant, WHO Grade 3

“A diffusely infiltrative astrocytic glioma with an IDH1 or IDH2 mutation that
exhibits focal or dispersed anaplasia and displays significant mitotic activity. Micro-
vascular proliferation, necrosis and CDKN2A/B homozygous deletions are absent”
(Louis et al. 2021a). The median survival is approximately 3.5 years.

Astrocytoma, IDH-Mutant, WHO Grade 4

“A diffusely infiltrative astrocytic glioma with an IDH1 or IDH2 mutation that
exhibits microvascular proliferation or necrosis or CDKN2A/B homozygous deletion
or any combination of these features” (Louis et al. 2021a). Though prognosis is poor,
it is better than that of GB, IDH wild type.

Oligodendroglioma (ODG)
These tumors occur mainly in the cerebral hemispheres, predominantly in the frontal
lobe. Most of the patients are adult with the median age being 45 years.
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Oligodendroglioma, IDH-Mutant, and 1p/19q Co-deleted, WHO Grade 2

“A diffusely infiltrative glioma with an IDH1 codon 132 or IDH2 codon 172
missense mutation and combined whole arm deletions of 1p/19q and which lacks
histologic features of anaplasia” (Louis et al. 2021a). Median survival is generally
>15 years.

Oligodendroglioma, IDH-Mutant, and 1p/19q Co-deleted, WHO Grade 3

“A diffusely infiltrative glioma with an IDH1 codon 132 or IDH2 codon 172 mis-
sense mutation and combined whole arm deletions of 1p/19q and histologic features
of anaplasia including brisk mitotic activity and/or pathological microvascular
proliferation with or without necrosis” (Louis et al. 2021a). This group of tumors
does generally well with median survivals reported to be more than 10 years with
postoperative adjuvant chemoradiation.

Glioblastoma (GB)

These tumors mainly affect the cerebral hemispheres. They preferentially affect
older adults (55-85 years) and comprise 45-50% of all primary malignant brain
tumors. Interestingly the term “multiforme” has been removed in the 2021
classification.

Essential Diagnostic Criteria for Glioblastoma, IDH-Wild Type (Louis et al.
2021a)
An IDH-wildtype diffuse astrocytic glioma with:

microvascular proliferation, or

necrosis, or

one or more of the following molecular features GB
TERT promoter mutation, or

EGFR gene amplification, or

+7/—10 chromosome copy number changes

IDH-wild type GB, also known as primary GB, is the most aggressive of all diffuse
gliomas with a median survival of only 12—18 months. The recommended treatment
in IDH wild-type GB is maximal safe surgical resection succeeded by radiotherapy
with 59.4 Gy/33 fractions and chemotherapy with temozolomide (TMZ), followed
by cyclical TMZ, unless contraindicated (Santosh et al. 2019).

Oligoastrocytic Gliomas

In the 2016 and 2021 WHO classification, oligoastrocytomas are no more regarded
as distinct tumor type because they have a dearth of distinctive molecular profile and
rather have either astrocytic or oligodendroglial genotypes (Yan et al. 2009; Karsy
et al. 2017); thus, screening for IDH mutation and 1p/19q co-deletion is required
(Louis et al. 2016).
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23 Key Molecular Alterations in Adult-Type Diffuse Gliomas
(Table 1)

Mutations of Isocitrate Dehydrogenase 1 and 2 (IDH1/2) Genes
In humans IDH gene comprises of three types of isoenzymes, namely, IDHI, IDH?2,
and IDH3, which are engaged in the tricarboxylic acid (TCA)/Krebs cycle. While
IDH] is located predominantly in the cytoplasm and peroxisomes, IDH2 and IDH3
are confined to the mitochondria (Kloosterhof et al. 2011). The primary function of
IDHI and IDH?2 enzymes is to catalyze the oxidative decarboxylation of isocitrate to
a-ketoglutarate (a-KG) while reducing NADP+ to nicotinamide adenine dinucleo-
tide phosphate (NADPH) in TCA cycle (Huang et al. 2019; Kloosterhof et al. 2011).
Parsons et al. (2008) in a genome-wide sequencing study first reported IDHI gene
(29.33) mutations in 12% of GBs (Parsons et al. 2008). Subsequently substantial
number of studies authenticated the presence of IDHI and IDH2 mutations in a
significant proportion of low-grade gliomas and secondary GBs (Cohen et al. 2013).
IDH I mutations are specific to gliomas and do not occur in other tumor types of both
CNS and non-CNS origin, with notable exceptions being acute myeloid leukemia,
angioimmunoblastic T cell lymphoma, and rarely in chondrosarcoma, intrahepatic
cholangiocarcinoma, B-acute lymphoblastic leukemia, melanoma, esophageal

Table 1 Common molecular alterations in adult-type diffuse gliomas (WHO 2021)

Molecular

characteristic | Astrocytoma | Oligodendroglioma | Glioblastoma | Significance

IDH1/ + + — Diagnostic,

2 mutation prognostic, therapeutic
target

ATRX Lost Retained Retained Diagnostic

nuclear (>75%)

expression

P53 nuclear + — — Diagnostic

expression

1p/19q - + - Diagnostic,

whole arm prognostic, predictive

co-deletion

CDKN2A/B +/— - +/— Diagnostic of grade

homozygous 4 IDH-mutant

deletion astrocytoma,
prognostic

TERT +/— + +— Prognostic, predictive

promoter

mutation

EGFR gene — — +/— Diagnostic, therapeutic

amplification target

+7/—10 copy | — — +/— Diagnostic

number

changes
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cancer, colorectal cancer, prostate carcinoma, and breast adenocarcinoma (Tateishi
and Yamamoto 2019).

Greater than 90% of IDH mutations are located at codon R132 of the IDHI
gene—substitution of Argl32 with histidine (R132H) (Cohen et al. 2013). The
remaining /DHI mutations involve substitution of arginine with cysteine R132C
4.7%), glycine R132G (2.1%), serine R132S (1.7%), or leucine R132K (0.8%)
(Balss et al. 2008; Yan et al. 2009). IDH2 mutations are rare (5%) and involve
replacement of arginine by lysine at codon 172 (R172K) (Cohen et al. 2013). These
IDH mutations are somatic, missense, and heterozygous in nature (Kloosterhof et al.
2011; Jha et al. 2011a).

The mutant IDH1 carries out a disparate enzymatic reaction involving reduction
of a-KG to D-2 hydroxyglutarate (2-HG) coupled with oxidation of NADPH to
NADP (Dang et al. 2009; Yen et al. 2010). This 2-HG acts as an oncometabolite and
induces DNA hypermethylation by inhibiting a variety of a-KG-dependent
dioxygenases such as ten-eleven translocation (TET) family of 5-methyl cytosine
hydroxylases. It also promotes global histone methylation by inhibiting histone
demethylases such as Jumonji-C domain containing histone-lysine demethylases.
In addition to above epigenetic alterations, 2-HG also causes metabolic alterations
such as alteration of HIF-1a (hypoxia-inducible factor 1a) activity, downregulation
of DNA damaging pathways, etc. (Yen et al. 2010). As a consequence, IDH
mutation eventually leads to widespread CpG islands hypermethylation in the
promoter region of various genes, a phenomenon termed as glioma CpG island
methylator phenotype (G-CIMP). Both DNA and histone hypermethylation possibly
arrest cellular differentiation by transcriptional silencing of a wide range of target
genes. There is evidence suggesting that IDH mutation is an early happening in the
development of gliomas and indeed is the driving force behind the formation of IDH
mutant gliomas (Cohen et al. 2013). However, studies in mice implicate that IDH
mutation alone is not adequate for tumorigenesis. Indeed, IDH-mutant astrocytomas
frequently carry additional alterations in TP53 and ATRX genes, connoting that the
development of IDH-mutant astrocytoma requisite numerous genetic “hits.”

IDH mutation is seen in oligodendrogliomas and WHO grade 2—4 astrocytomas
and thus serves as an important diagnostic biomarker (Table 1) (Cohen et al. 2013;
Balss et al. 2008; Jha et al. 2011a). IDH is also a prognostic marker as IDH mutant
gliomas have a favorable outcome than their wild-type counterparts regardless of
histological grade (Cohen et al. 2013). IDH has also shown potential for targeted
therapy. Clinical trials using several small molecule /DH1/IDH? inhibitors (AG-120,
AG-221, AG-881, BAY 1436032, and DS-1001b) are being tried out as new thera-
peutic options to improve patient overall survival (OS) (Karpel-Massler et al. 2019).
IDH is also a potential target of single peptide vaccination approaches, which is
under clinical trials (Schumacher et al. 2014). IDH mutation thus plays a crucial role
in the clinical decision-making, treatment, and prognostication of patients with
glioma.

IHC for IDHI (R132H) mutant protein has 100% accordance with IDH]I
(R132H) sequencing and is widely accepted method across the world (Agarwal
et al. 2013). However, other IDHI and IDH?2 mutations can be tested by only DNA
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sequencing. Thus, all cases of diffuse glioma should be initially screened by IHC for
IDHI (R132H), and only those that are immunonegative should be subjected to
DNA sequencing.

Co-deletion of Chromosomes 1p and 19q

Oligodendrogliomas (ODGs) represent the first CNS neoplasm in which a genetic
signature has been associated with improved survival. In 1994, Reifenberger et al.
demonstrated allelic loss of 19q chromosome in 81% of the oligodendroglial tumors,
and of these, approximately 75% also exhibited LOH at 1p locus (Reifenberger et al.
1994). Later, multiple studies confirmed unbalanced translocation between the short
arm of chromosome 1 and long arm of chromosome 19 consequential resulting in
loss of the derivative chromosome, del (1;19) (p10;q10) in ODGs (Yip et al. 2012;
Jha et al. 2010a). Co-deletion of these chromosome arms is a specific molecular
alteration, now considered as the essential diagnostic marker of ODG. According to
2016 and 2021 WHO classification, a tumor cannot be labeled ODG if it does not
have IDH mutation and 1p/19q co-deletion (Table 1) (Louis et al. 2016, 2021a). This
alteration is associated with better OS (prognostic biomarker) and also attributes as
an indicator of sensitivity to chemotherapy (predictive biomarker) (Cairncross et al.
1998; Smith et al. 2000; Ino et al. 2001). Long-term follow-up study of phase III
clinical trials in patients with anaplastic glioma has revealed that 1p/19q co-deletion
is a predictive biomarker of benefit from polychemotherapy with procarbazine,
lomustine (CCNU), and vincristine (PCV) if administered immediately before or
after radiotherapy (van den Bent et al. 2013). Whether the PCV chemotherapy can be
effectively replaced by TMZ will be investigated in the new CO DEL trial (Jaeckle
et al. 2021). On the other hand, provisional results from the CATNON trial of
therapy with concomitant and adjuvant temozolomide for 1p/19q non-co-deleted
anaplastic glioma showed significant survival benefit in patients (van den Bent et al.
2017). Eminently, only whole-arm 1p/19q co-deletion in concurrence with IDH
mutation is prognostically favorable; partial deletions on either chromosome arm,
which can exist in those with IDH wild-type GBs, result in poor patient outcomes
(van den Bent et al. 2013; Mizoguchi et al. 2012).

The genes on 1p and 19q that are considered to be accountable for the effect of
1p/19q co-deletion are FUBP1 and CIC, respectively. Mutations in FUBP1
(encoding far upstream element-binding protein 1, which is responsible for
regulating MYC expression) are detectable in approximately one-third of
oligodendroglial tumors. CIC mutation (leading to inactivation of the protein homo-
logue of Drosophila capicua, a transcriptional repressor) is discernable in more than
two-thirds of patients (Bettegowda et al. 2011).

Polymerase chain reaction (PCR) and fluorescent in situ hybridization (FISH) are
the two most commonly used techniques for the assessment of LOH 1p/19q (Shukla
et al. 2009). FISH assay is preferred in most clinical laboratories as it is pathologist
friendly and can be performed on formalin-fixed paraffin-embedded (FFPE) tissue
sections (Jha et al. 2011Db).
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Mutation of Alpha Thalassaemia Mental Retardation, X Linked

(ATRX) Gene

The ATRX gene located on chromosome Xq210.1 is a member of the SWI2/SNF2
family of DNA helicases. It is required for histone regulation, nucleosome assembly,
chromatin remodeling, and in maintenance of telomeres. A foremost role of ATRX is
incorporation of histone H3.3 monomers into chromatin in collaboration with the
histone chaperone protein DAXX (death-associated protein 6) (Haase et al. 2018,
2020). ATRX is involved with the telomerase-independent ALT (alternative length-
ening of telomeres) mechanism, the method responsible for telomere repair in most
gliomas as well as accountable for DNA damage and replicative stress (Malmstrom
et al. 2012; van den Bent et al. 2013).

Mutations in this gene lead to loss of function. ATRX mutations occur in >75% of
IDH-mutant grade 2—4 astrocytomas (Jiao et al. 2012). These mutations are mutually
exclusive with 1p/19q co-deletion but are strongly linked with 7P53 mutation
(Karsy et al. 2017). The presence of IDH, ATRX, and p53 mutation is a gene
signature of astrocytomas, while IDH mutation and 1p/19q co-deletion without
ATRX mutation is hallmark of ODGs (Table 1) (Ikemura et al. 2016; Venneti and
Huse 2015). ATRX mutation can be detected either by targeted sequencing or more
often by loss of nuclear expression utilizing IHC (Chatterjee et al. 2018; Purkait
et al. 2017).

Mutation of TP53 Gene

Termed as “guardian of genome,” TP53 is one of the most common tumor suppres-
sor genes dysregulated in majority of human cancers including gliomas. TP53 gene
plays a crucial role in modulating the various cellular functions like apoptosis,
maintaining genomic stability, inhibition of angiogenesis, and regulation of cell
metabolism and tumor environment (Zhang et al. 2018; Olafson et al. 2020). TP53
mutations correlate strongly with astrocytic morphology and are seen in >50% of
grade 2 and 3 astrocytomas, while only a small fraction of ODGs and IDH-wt GBs
harbor this alteration (Ohgaki and Kleihues 2005; Nayak et al. 2004). Most TP53
mutations in glioma are seen in exons 5—8 of the DNA binding domain (Louis 1994;
Takami et al. 2015). TP53 gene mutations are generally mutually exclusive with
1p/19q co-deletion. The presence of IDH1/2 mutation in combination with loss of
ATRX and TP53 is diagnostic of grade 2/3/4 astrocytomas (Gillet et al. 2014; Jha
et al. 2011c¢). Strong nuclear positivity for p53 protein by IHC in a considerable
percentage of tumor cells aids as a surrogate marker for 7P53 mutations with a
sensitivity and specificity of 77.4-78.8% and 78.6-96.7%, in comparison to DNA
sequencing (Takami et al. 2015; Rathore et al. 1999).

Ampilification of Epidermal Growth Factor Receptor (EGFR) Gene

EGFR gene resides on chromosome 7q12 and serves as receptor tyrosine kinase.
EGFR activation promotes cellular proliferation via activation of the mitogen-
activated protein kinase (MAPK) and phosphatidylinositol 3-kinase-protein kinase
B (PI3K-Akt) pathways (Patel and Leung 2012). EGFR amplification is considered a
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classic genetic and diagnostic marker of IDH wild-type GBs and is found in
approximately 40% of these tumors (Bale et al. 2019; Jha et al. 2011a). About half
of the EGFR-amplified tumors also harbor a genetic rearrangement that leads to
deletion of exons 27 of EGFR gene resulting in the expression of EGFR variant III
(EGFR vIII). This variant has absence of the extracellular ligand-binding region
ciphered by the deleted exons but is constitutively active (Fu et al. 2012; Beiko et al.
2014). The use of EGFR amplification and EGFRVIII as a prognostic marker is
conflicting. Regarding targeted therapy, in spite of the high occurrence of EGFR
alterations in GBs, these tumors show limited clinical benefit to tyrosine kinase
inhibitors (De Witt Hamer 2010). Recently Phase II clinical trials have implicated
that vaccination of newly diagnosed GB patients with EGFRVIII vaccine
(rindopepimut) along with adjuvant granulocyte macrophage colony-stimulating
factor (GM-CSF) leads to prolonged recurrence-free and OS with nominal toxicity
(Sampson et al. 2010; An et al. 2018).

FISH technique can readily be used to determine EGFR amplification
(Korshunov et al. 2005, 2019). The presence of the EGFRvIIl mutation can be
assessed by IHC using antibodies to EGFR VvIII or by PCR sequencing (Aldape
et al. 2004).

Mutation in the Promoter Region of Telomerase Reverse Transcriptase
(TERT) Gene

In the last decade, mutations in the promoter site of the telomerase reverse transcrip-
tase (TERTp) gene have been detected in a wide range of tumors (90%), including
gliomas (Low and Tergaonkar 2013; Shay and Bacchetti 1997). Telomerase is well
known to have a pivotal role in tumorigenesis in various brain tumors, including
astrocytomas, GBs, and ODG. Telomerase has two prime components, the 1132-
amino acid TERT and an affiliated telomerase RNA molecule (TERC). The TERT
gene is present on the short arm of chromosome 5 (Cong et al. 1999). The two most
frequent mutations in the TERTp are C228T and C250T, which present —124 base
pairs (bp) and —146 bp, upstream of the ATG start site. These two mutations are
mutually exclusive and grant unimpeded growth characteristics to tumor cells by
expanding telomere length by TERT overexpression and subsequently activating
telomerase activity, thus contributing to tumorigenesis by overcoming cellular
senescence and inducing cell immortalization (Sun et al. 2015; Labussiere et al.
2014; Kim et al. 2018; Pekmezci et al. 2017).

TERTp mutation is a molecular hallmark of glioma, occurring in 70-80% of
primary GBs and about 70-97% of ODGs but less commonly in grade 2 and grade
3 astrocytomas (39%). IDH-mutated and 1p/19q co-deleted ODGs have a higher
prevalence of TERTp mutations (>90%) compared with IDH-mutated grade 2 (24%)
and grade 3 (14%) astrocytomas and IDH wild-type grade 2 (2%) and grade
3 astrocytomas (8%) (Eckel-Passow et al. 2015). This molecular alteration is notably
more prevalent in older adults as compared to young adults (61.2% vs. 25%) (Purkait
et al. 2016a). Furthermore patients with the concurrent IDH and TERTp mutations
have better OS (median OS, 246.5 months) than those with IDH-only (median OS,
110.6 months) or TERT-only mutations (median OS, 11.6 months) (Heidenreich
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et al. 2015; Purkait et al. 2016a). Also patients with both TERTp mutation and EGFR
amplification have poorest OS (mOS 11 months (You et al. 2017; Mosrati et al.
2015)). Recently it is advocated that gliomas with only TERT mutations are primar-
ily grade 4 gliomas with an unfavorable course and poor survival. Further the C228T
mutation is the more prevalent cancer-associated TERTp variant and is associated
with poorer OS compared to patients with C250T gliomas (Yuan et al. 2016;
Johanns et al. 2016; Kim et al. 2018).

TERT has become an emerging candidate for targeted therapy because of their
observed upregulation in a wide variety of cancers, including GBs. Small molecular
inhibitor imetelstat (GRN163L), GABPBIL inhibition, targeting RNA-dependent
RNA polymerase (RARP) activity of TERT using eribulin and more recently immu-
notherapy, is actively being explored as therapeutic target against TERT (Jafri et al.
2016; Patel et al. 2020; Li et al. 2020).

Sanger sequencing is considered as a gold standard to identify TERTp mutations.
Droplet digital PCR-based TERTp mutation detection requires a lower tumor DNA
quantity and can be used for precise and swift assessment of the TERTp mutations
(Bai et al. 2021).

Homozygous Deletion of Cyclin-Dependent Kinase Inhibitor 2A/2B
(CDKN2A/2B) Gene

The CDKN2A/B locus is localized on chromosome band 9p21, which via pl4ARF
and pl6INK4A tumor suppressor proteins inhibits the cell cycle of tumor cells
(Fontana et al. 2019). The pl4ARF causes cell cycle arrest by inhibiting MDM?2
and stabilizing p53, thus promoting cell repair and apoptosis phenomena (Serrano
et al. 1993). The pl16INK4A contributes to cell cycle regulation by inhibiting cyclin-
dependent kinases 4 and 6 (CDK4 and CDK6)-mediated phosphorylation of the
retinoblastoma pathway leading to Gl-phase arrest in the cell cycle (Sherr and
Roberts 1999). The most recent theory is that homozygous deletion at 9p21
(CDKN2A/B locus) modifies its inhibitory function and promotes unrestricted
tumor cell proliferation and increased oncogenic burden.

This genetic alteration has been associated with enhanced oncogenesis and
unfavorable prognosis in many tumor types, such as melanoma (Guo et al. 2019),
ovarian cancer (Xia et al. 2019), bladder cancer (Worst et al. 2018), and sarcoma
(Bui et al. 2019).

Multiple studies have identified that CDKN2A/B homozygous deletions are
enriched among IDH-mutant astrocytomas that are associated with poor prognosis
and that its presence conforms to clinical behavior of WHO grade 4 gliomas. This
group also harbored lower levels of global DNA methylation (Aoki et al. 2018;
Appay et al. 2019; Cimino et al. 2017; Korshunov et al. 2019; Purkait et al. 2013).
The prevalence of CDKN2A/B homozygous deletions documented in IDH-mutant
astrocytic gliomas ranges from 0% to 12% in WHO grade 2, 6-20% in WHO grade
3, and 16-34% in WHO grade 4 tumors (Appay et al. 2019; Purkait et al. 2013).
Homozygous deletion of CDKN2A/B is also observed in pediatric low-grade gliomas
(6-20%), although at a lesser frequency than in adult glioma (Ryall et al. 2020).
Furthermore, CDKNZ2A/B deletion commonly concurs with BRAF p.V600E,
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implying that it probably acts as a second molecular hit, promoting evasion from cell
cycle regulation. FISH assay can directly visualize the status of the genetic locus and
reliably distinguish true homozygous deletion from hemizygous loss.

Promoter Methylation of 0°-Methylguanine-DNA Methyltransferase
(MGMT) Gene

MGMT gene is localized on chromosome 1026 and encodes for a DNA repair
enzyme that provides resistance to alkylating or methylating chemotherapeutic
agents by detaching alkyl adducts from O° position of guanine, thus ensuring
rapid DNA repair (Weller et al. 2010). The standard drug used for GB is
temozolomide (TMZ), which is a DNA alkylating agent. Methylation of the pro-
moter region of the MGMT gene leads to its epigenetic silencing, thus compromising
the DNA repair process and ultimately leads to cell death (Suri et al. 2011a; Hotta
et al. 1994).

MGMT promoter methylation status has emerged as one of the critical
determinants of prognosis and prediction of response to TMZ in newly diagnosed
GBs with methylated MGMT promoter being linked with remarkably better outcome
and benefit from TMZ as compared to unmethylated phenotype (Stupp et al. 2005;
Weller et al. 2010; Wen and Kesari 2008; Mansouri et al. 2019; Hegi et al. 2005;
Wick et al. 2012; Purkait et al. 2016a). However assessment of MGMT status has not
yet been integrated for treatment decision-making in newly diagnosed GBs as
current practice does not withhold TMZ from unmethylated patients due to lack of
alternative treatment modalities (Mansouri et al. 2019; Butler et al. 2020).

Interestingly, the NOA-08 and Nordic trials documented that in elderly patients,
who were administered TMZ alone, MGMT promoter methylation was related with
notably longer survival than unmethylated tumors (Wick et al. 2012; Malmstrom
et al. 2012). Thus, the 2017 European Association for Neuro-Oncology (EANO)
guidelines recommended that MGMT testing be contemplated as a standard practice
for giving TMZ treatment to malignant gliomas in elderly patients (>65-70 years),
while patients with unmethylated tumors should receive hypofract